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Abstract 
Wood as a raw material is useful for many purposes even though some properties are less than 
optimal, for example, dimensional stability and durability. These characteristics can however be 
improved by different treatment methods. Environmental awareness has led to an increased 
demand for environmentally friendly processes like thermal modification that does not add any 
chemicals to the wood in contrast to, for example, CCA-impregnated wood.  

This thesis mainly focuses on thermally modified wood from species such as pine, spruce and 
birch. The thesis present studies of physical attributes such as color, and chemical analysis of 
water-soluble compounds and degradation products. Treatment intensity is compared between 
two different industrial processes referred as Thermowood and WTT, which use respectively 
superheated steam and pressurized steam as heating media. 

Thermal modification processes darken the color of wood throughout its cross-section. The 
formation of darker color is related to a degradation processes that takes place during thermal 
modification. During thermal modification wood is exposed to temperatures between 160 - 
220°C, and the temperature causes physical and chemical transformations that change some of 
the wood properties. Dimensional stability and durability are typically improved, but mechanical 
strength properties are usually negatively affected by the treatment. 

The studied wood species were Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies L.) 
and Birch (Betula pendula L.). Treatments using pressurized steam were carried out under 
temperatures of 160°C, 170°C and 180°C, and treatments using superheated steam at normal air 
pressure were carried out at temperatures of 190°C and 212°C. Results showed that similar L* 
(lightness) can be reached at lower temperatures using pressurized steam compared to 
superheated steam. The residual moisture content after completed thermal modification was 
approximately 10% higher in wood treated with the pressurized steam process. It was found that 
despite an approximately 25°C lower treatment temperature, birch modified in pressurized steam 
was more acidic compared to birch modified in superheated steam. This will likely have further 
consequences, requiring more research concerning surface treatment and fixation. 

The thesis also includes the development of an industrial-quality control procedure based on non-
destructive color measurements verified in industrial environment. Treatment intensity in 
industry is today certified by inspection of documented process schedule and measuring the 
temperature and time of the process. Quality control in this context refers to the measurement of 
wood color as an indirect measure of treatment intensity. The color in our study was measured 
using L*C*H color space. The study shows that it is possible for quality control purposes to 
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measure the color of thermally modified wood from the surfaces of planed boards instead of 
sawdust or board cross sections that have been used in other studies. 
The thesis has a final section about academia-industry collaboration that describes how trust 
building was established through a fruitful relationship involving academia and regional wood 
products industry in northern Sweden. The study presents an example of a successful research 
and development alliance between university and a group of small- and medium-sized enterprises 
(SMEs). This alliance has been a great example on international collaboration involving 
researchers originating from Finland, China, Bangladesh, Spain, Russia and Sweden. Through an 
in-depth multi-year study of how the research cooperation developed, the paper describes how 
the involved companies successfully entered into a new segment of the market. 
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1. Introduction
Wood as a renewable raw material has been used for centuries and is still very popular and useful 
for many purposes. Wood is renewable and requires less energy for production than other non-
renewable construction materials like concrete and steel. According to Sathre and Gustavsson 
(2009), wood products typically require less energy for manufacturing than alternative non-
renewable materials. The life cycle analysis of the production of materials, including the 
acquisition of raw materials, transportation, and processing into products, show that wood 
products need less "Cradle to Gate" energy than a functionally equivalent amount of metals, 
concrete, or bricks. It has also been recognized that wooden materials and structures (harvested 
wood products) are an important pool of carbon and that they may constitute a carbon sink 
(Laturi et al. 2008). 

However, some properties of wood are less than optimal, for example, dimensional stability and 
durability. The wood volume and shape change when the wood absorbs or releases moisture, and 
wood is degraded by biological agents such as fungi, mold and insects. The wood surfaces also 
age when they are exposed to sun, wind and rain. These characteristics can be improved by 
treating or modifying wood by different methods such as heat, mechanical force, surface 
treatment, and impregnation with chemicals. However, environmental awareness has led to an 
increased demand for environmentally friendly processes like thermal modification that does not 
add any chemicals to the wood in contrast to, for example, CCA-impregnated wood.  

Thermal modification is one of the environmentally friendly methods to improve the properties of 
wood materials. It was demonstrated that by exposing the wood to temperatures between 170°C 
to 220°C in absence of oxygen, it is possible to modify components of wood that are susceptible 
to moisture absorption and biological degradation in nature. Wood after thermal modification 
becomes much more dimensionally stable, and the durability for outdoor applications increases 
from 5 to 20 years if the wood is not in direct contact with the ground (Dagbro et al. 2010). 

The main purpose of the study was to evaluate physical and chemical differences and similarities 
between the two major thermal modification processes currently used at industrial scale in 
Scandinavia. This work involved both researchers at the university and industry representatives 
from wood product companies in Sweden and Finland. During the work, valuable insight 
regarding academia-industry cooperation and trust building resulted in a paper that is based on 
qualitative research methods in contrast to the, in wood research, more traditional quantitative 
research methods.  
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1.1 Aim, objectives and limitations 
 
The aim of this study was to increase the knowledge on industrial scale thermal modification of 
wood. The objective, or specific research question, was to compare properties of thermally 
modified wood produced with different commercial technologies currently used in Sweden and 
Finland. A more qualitative research question was how collaboration and trust influence research 
results. Increased knowledge on collaboration and trust building processes in research alliances 
involving academia and industry is needed, and this study will contribute to increased 
understanding of such processes. 
 
The limitations in the studied parameters are the following: 
 
o Species: The species thermally modified in this study were Scots pine (Pinus sylvestris L.), 

Norway spruce (Picea abies L.) and Silver birch (Betula pendula L.). 
o Technologies: Two industrial scale technologies were used for producing the thermally 

modified wood, Thermowood and WTT. 
o Properties: This study evaluated color, acidity, carbohydrates, furfurals, and soluble 

degradation products from thermal modification.  
o Geographical area: This study is limited to the geographical area Sweden and Finland. 

 

1.2 Research Questions 
 
o Do the two most common industrial thermal modification processes in Scandinavia produce 

wood products with different properties? 
 
o How can successful trust building between academia and wood products industry be 

developed in Northern Sweden?  
 

1.3 Research Overview 
 
Paper I to V mainly focus on industrial-scale thermal modification of wood from the species pine, 
spruce and birch. The industrial plants that produced the thermally modified wood are situated 
both in Sweden and in Finland. The study compared differences in chemistry, color and 
dimensional stability of thermally modified wood produced with the two technologies. This 
research also assisted in the implementation of the first WTT facility in Sweden. The research 
project involved representatives from academia and regional wood industry and contributed to a 
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better understanding of trust development in industry academy collaboration (Paper VI). The 
study can be divided in three subareas: Color (Paper I, II, and V), mechanical and chemical 
properties (Paper II, III, and IV) and industry- academia collaboration (Paper VI).    
 
 
Paper I  
 
Two different methods were used to produce thermally modified wood. One was carried out in a 
typical kiln drying chamber using superheated steam (SS) and the other used pressurized steam in 
an autoclave cylinder (PS). The wood was not treated with any chemicals. Two wood species 
were studied, Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies L.). Treatments in 
the autoclave were carried out under pressure using temperatures of 160°C, 170°C and 180°C. 
Temperatures of 190°C and 212°C were used in treatments in the chamber at normal air pressure. 
The color was measured using L*C*H color space.  
 
 
Paper II  
 
The thermally modified wood properties investigated in this study were color, equilibrium 
moisture content, dimensional stability, bending strength, hardness and acidity. There were two 
different types of thermal modification processes used in this study. One of them was using 
saturated steam and the other one superheated steam. Treatment temperature was 160°C in 
saturated steam process and 185°C in superheated steam. The wood species used in this study 
was Silver birch (Betula pendula L.).  
 
 
Paper III 
 
With thermal modification, changes in properties of wood, such as the presence of VOC and 
water-soluble carbohydrates, may occur. Thermal modifications under saturated steam conditions 
(160 and 170°C) and superheated steam conditions (170, 185, and 212°C) were investigated by 
analyzing the presence of water-soluble 5-(hydroxymethyl)furfural (HMF), furfural, and 
carbohydrates in heat-treated wood. The influence of thermal modifications on Scots pine, 
Norway spruce, and silver birch was also studied. Furfurals were analyzed using HPLC at 280 
nm, while monosaccharides and water-soluble carbohydrates were determined by GC-FID as 
their acetylated alditiols and, after methanolysis, as their trimethylsilylated methyl-glycosides, 
respectively.  
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Paper IV 
 
In this paper we presented results from studies on extracts isolated from birch and spruce treated 
at superheated (Thermowood) and at pressurized/saturated steam (WTT) conditions. Silver birch 
and Norway spruce were thermally modified at superheated conditions at 170, 185 and 212°C as 
well as with pressurized and saturated steam (160 and 170°C) in a mainly closed process. 
Chemicals from thermally modified wood were extracted with water (first) and methanol 
(second), and then analysis of UV-absorbance of water and methanol extract diluted in water (10-
50 times) at 280 nm was performed. Difference UV-spectrum was obtained by comparison of 
UV-absorption spectra of diluted extract with corresponding diluted extract at pH 12. 
 
 
Paper V  
 
This study investigated the suitability of using color measurement to determine treatment 
intensity at the industrial scale. The color was determined using the L*, a*, and b* color space, 
also referred to as CIELab, and the relationship between lightness (L*) and the color parameters 
(a*) and (b*) was investigated for thermal modification treatments at 190 and 212 °C. The study 
confirmed that color change in thermally modified spruce and pine is measurable and predictable 
in an industrial production facility, so being suitable as a quality control parameter. 
 
 
Paper VI 
 
This study presents an example of a successful research and development alliance between 
university research and a group of small- and medium-sized enterprises (SMEs) in the wood 
products sector in Sweden. The industry group consisted of four wood product companies that in 
2008 decided to explore the concept thermally modified wood. In an in-depth multi-year study of 
how the research cooperation developed, this paper report on how the involved companies 
successfully entered into a new segment of the market, and the thermal modification process was 
significantly improved as a result of the collaboration. Specifically, the case shows trust to be an 
important factor for why alliances succeed in academia-industry collaboration and how trust 
building positively affected the outcome. 
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2. Background 

2.1 Physical structure of wood 
The trunk of a tree, which is the most common part used for wood products, consists of six 
layers: outer bark, inner bark, vascular cambium, sapwood, heartwood and pith. The outer bark 
provides mechanical support to the inner bark and helps to protect the tree. The inner bark has the 
role of a transport medium for sugars produced by photosynthesis. The vascular cambium, 
located between the inner bark and the sapwood, produces new cells that form either bark or 
wood (xylem). The living part of the wood is called sapwood which is located between the 
cambium and heartwood. The transport of water from the roots to the leaves takes place in the 
sapwood and it is usually lighter in color compared to heartwood. Heartwood is the part of wood 
that no longer participate in water transport but instead provides mechanical support to the tree. 
At the center of the trunk we finally find the pith, which is a reminder of the early stages in the 
growth process before wood is formed. There are several different types of cells in wood that 
meet different needs of a living tree, for example strength, nutrition storage and transport. These 
cells differ not only between hardwoods and softwoods but also depending on specie, heartwood, 
sapwood, earlywood and latewood.  

 

2.1.1 Softwoods 
Two different cell types, tracheids and parenchyma cells, are found in softwoods. Approximately 
90% - 95% of the fibres are tracheids. These tracheids contribute strength and transportation 
capabilities to the softwood tree. Transport capability is handled by the tracheids found in the 
earlywood and strength is provided by the tracheids in the latewood. The length of the tracheids 
in Norway spruce and Scots pine is approximately 1-5 mm and the width is approximately 10 – 
40 μm. 

Tracheids are interconnected longitudinally and tangentially by bordered pits that could be seen 
as check valves, which are sealed when the cell has been emptied of water. This is normally 
referred to as aspiration (figure 1). There are fewer pits in latewood than in earlywood. 

Approximately 5%-10% of the fibres in softwoods are parenchyma cells, mainly found in rays 
and around resin canals. Parenchyma cells contain living protoplasm and serve as nutrient storage 
in sapwood. During heartwood formation, the nutritious protoplasm is lost. 
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Figure 1. Aspiration is the phenomenon when bordered pits are sealed. 
The torus, a circular plate that is kept in place by the margo, made 

of thin strands. As the cell is emptied of water, the torus is 
pulled towards the cell wall and thereby sealing the pit. 

 

2.1.2 Hardwoods 
Compared to softwoods, hardwoods have a more heterogeneous structure, as shown in figure 2. 
Water transport is handled by the cells called vessels, while libriform fibres provide the strength. 
Vessels, in contrast to tracheids, have an open structure and they are not interconnected by 
bordered pits. Hardwoods keep an open structure even after drying and do not undergo aspiration. 
Fibre tracheids contribute to the strength and water transport capabilities in hardwoods. 

 

 

Figure 2. In the left picture, Norway spruce (softwoods) clearly has a more 
homogeneous structure than Birch (hardwoods) shown to the right. (X50, Core et al. 1979) 

 

 

 
Margo 

Torus 
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2.2 Chemical structure of wood 
Wood in chemical terms could be seen as a biopolymer composite, where the main constituents 
are cellulose, hemicellulose and lignin, sometimes together referred to as holocellulose. In a 
living tree, the main chemical component is actually water. Wood also contains extractives, such 
as fats, resin and waxes. The extractives are not parts of the actual cells in wood. Softwood 
species tend to have higher cellulose and lignin content compared to hardwood species (Rowell 
2013). Even though a living tree has some natural resistance to degradation, eventually the tree 
can be degraded by natural forces, like any organic material.  

The xylem is synthesized from carbohydrates formed in the well-known photosynthesis process 
in which the energy from sunlight together with carbon dioxide gas and water produce glucose, 
oxygen gas and water: 

 

Glucose (dextrose) is a hexose, a monosaccharide containing six carbon atoms. This monosaccharide is 
composed into polymers building up each cell in a living tree: cellulose, hemicellulose, lignin and 
extractives. 

 

2.2.1 Cellulose 
Cellulose represents about 40% - 50% of the wood material and is the major structural 
component of wood. Cellulose is built up by linear polymer chains of β-D-glucopyranose. 

 

Figure 3. A part of a cellulose chain containing β-D-glucopyranose units. 

 

D-glucose units exist in five different configurations and the β-D-glucopyranose is the most 
stable one, where the open aldehyde is the most unstable. Units within a cellulose chain are 
fixated as β-D-glucopyranose form by the chain structure, while the last unit in a cellulose chain 
could exist as an open aldehyde, making it easily oxidized. 
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A microfibril is a bundle of cellulose chains held together by hydrogen bonds. Within a 
microfibril, strong crystalline regions are enabled, due to the lack of side branches and the 
position of hydroxyl groups. The crystalline regions are believed to be associated with the core of 
the microfibril, while the outer part is more hydrophilic amorphous (Chanzy 1990). 

 

2.2.2 Hemicellulose 
The main chain in Hemicellulose, also known as polyose, most commonly consists of either 
glucose and mannose (glucomannans) or xylose (xylans). Hemicelluloses usually make up 
between 20 and 35% of dry wood mass (Rowell 2013).  It has a highly branched structure with 
side chains of several different sugar units such as the group of hexose; glucose, mannose and 
galactose. The other group of sugar units is called pentose and consists of xylose and arabinose 
(Rowell 1984; Fengel and Wegener 1984).  

The side branches contribute to the amorphous structure and also result in highly accessible 
hydroxyl groups. This explains why most of the moisture in wood is bonded to hemicellulose.  
Hardwoods contain more hemicellulose compared to softwoods. Fengel and Wegener (1984) also 
report that the sugar composition is different depending on wood species. 

 

2.2.3 Lignin 
Lignin accounts for the stiffness in wood and consists of a complex and amorphous network 
formed through radical polymerization of phenols. The main bonding types are strong carbon-
carbon and weaker ether bonds. With cellulose as enforcing fibres and lignin as a phenolic 
plastic, wood can be considered a natural composite.  

Lignin acts as a resistant natural glue keeping the different cells together. Besides being a natural 
glue, lignin contributes to making the cell wall more hydrophobic by restraining cell wall 
swelling in water (Ek, Gellerstedt & Henriksson 2009).  

Softwoods contain more lignin than hardwoods and there are structural differences between 
softwood and hardwood lignin (Fengel and Wegener 1984). 

 

2.2.4 Extractives 
Substances that can be extracted without damaging the wood structure are normally referred to as 
extractives. The biggest groups of extractives are terpenes, fats, waxes, phenolic components, 
sugars and salts. These different substances protect the living tree and serve as nutrition backup. 
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These components normally contribute only a small amount to the mass of wood but can 
nevertheless greatly influence the properties of wood such as color, odor, durability, 
absorption/desorption behavior.  

It is well-known that extractives play a major role in decay resistance of wood. 

The composition of extractives varies between species and within a tree between sapwood and 
heartwood. Pine heartwood normally has higher extractive content than pine sapwood. Even if 
heartwood often contains more extractives than sapwood, it is not always the case. In spruce it is 
the opposite, more extractive content in sapwood than in heartwood.  

It can sometimes be difficult to differentiate extractives from other types of compounds. Some 
phenolic compounds and quinones can be regarded as both extractive compounds and low-
molecular lignin parts (Fengel and Wegener 1984). 

 

2.3 Trust building in collaborative settings 
Increasing global competition, new technology emergence, process development, environmental 
challenges and limited resources drive firms to continuously develop knowledge and new 
technologies for long-term survival and prosperity. Consequently, potential benefits from 
academia-industry alliances are numerous for the parties involved (Lee 2011), as well as for the 
regions’ broader innovation and economic success (Van Looy et al. 2003). The importance of 
these alliances is growing, but outcomes from collaboration between academia and industry often 
fail to materialize.  One of the main concerns seems to be that the inter-organizational 
relationships and the necessary trust are difficult to establish in order to get the collaboration to 
be effective. The difficulties seems very obvious when leaving the large company sector and 
entering the sector of small- and medium-sized enterprises (SMEs). Santoro and Chakrabarti 
(2002) saw clear differences between strategies used by large companies to perform research and 
development projects, and the strategies used to promote the involvement of traditional small- 
and medium-sized enterprises (SMEs) in the innovation process. 

Firms in academia-industry alliances collaborate with universities because academia can provide 
highly trained students, graduates, and faculty, as well as advanced testing labs for developing 
knowledge and technology transfer which competitive industrial partners generally are less likely 
to provide (Santoro & Saparito 2003). Some firms can also enhance their public image by 
associating themselves with a prominent academic institution (Fombrun 1996). Universities often 
cooperate with industry to support regional growth, deal with practical challenges, gain access to 
applied technological areas and additional funding, and support industry research initiatives.  

Deutsch writes the following regarding trust and trusting behavior in his famous article “Trust 
and suspicion” from 1958: 
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1. It is possible to capture in the laboratory the phenomena of "trust" and to study experimentally 
some of the variables which influence the tendency to engage in "trusting" and "responsible" 
behavior. 

2. There are social situations which, in a sense, do not allow the possibility of "rational" 
individual behavior as long as the conditions for mutual trust do not exist. 

3. Mutual trust is most likely to occur when people are positively oriented to each other's 
welfare. 

4. Mutual trust can occur even under circumstances where the people involved are overtly 
unconcerned with each other's welfare, provided that the characteristics of the situation are 
such as to lead one to expect one's trust to be fulfilled. 

 
Some of the situational characteristics which may facilitate the development of trust appear to be 
the following: 
 
a) The opportunity for each person to know what the other person will do before he or she 

commits irreversibly to a trusting choice. 

b) The opportunity and ability to fully communicate a system for co-operation which defines 
mutual responsibilities and also specifies a procedure for handling violations and returning to 
a state of equilibrium with minimum disadvantage if a violation occurs. 

c) The power to influence the other person's outcome and hence to reduce any incentive he or she 
may have to engage in untrustworthy behavior. It is also apparent that exercise of power, when 
the other person is making untrustworthy choices, may elicit more trustworthiness. 

d) The presence of a third person whose relationship to the two players is such that each 
perceives that a loss to the other player is detrimental to his or her own interests vis-à-vis the 
third person. 

 
Deutsch (1958) defines trust, focusing on an individual level and expectation, as the following: 
“An individual may be said to have trust in the occurrence of an event if he (or she) expects its 
occurrence and his (or her) expectation leads to behavior which he (or she) perceives to have 
greater negative motivational consequences if the expectation is not confirmed than positive 
motivational consequences if it is confirmed.”. In other words, an expectation for which the 
reward of happening is lower than the disappointment of not happening.   
 
A somewhat different definition of trust, less tied to an individual but rather a party and linking 
trust to vulnerability, proposed by Mayer (1995) is “the willingness of a party to be vulnerable to 
the actions of another party based on the expectation that the other will perform a particular 
action important to the trustor, irrespective of the ability to monitor or confront that other 
party.” 
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2.4 Thermal modification process 
Scientific references to thermal modification of wood date back more than 100 years. In 1937 
Stamm and Hansen reported that "it has long been recognized that excessive heating of wood 
reduces its hygroscopicity".  They stated that Tiemann in 1915 "found that heating air-dry wood 
in superheated steam to about 150°C for 4 hours reduced the sub-sequent moisture absorption by 
10 to 25 percent". Nevertheless, the development of industrial technologies for wood thermal 
modification in Europe started in the early 1980s (Rapp 2001). According to Militz (2002), the 
first technology for thermal modification in Europe was called Plato, which was patented in 1989 
(Ruyter 1989). A few years later the Retification process was introduced in Europe (Dirol and 
Guyonnet 1993) and soon after the Thermowood process was patented (Viitaniemi et al. 1994). 
More recently the Perdure process was commercialized in Canada (Sandberg and Kutnar 2016), 
and a new method for thermally modifying wood with hot oil was introduced in Germany in 2000 
(Rapp and Sailer 2000). Other technologies using saturated steam are also offered commercially 
today, such as WTT (WTT 2016) and Firmolin (Willems 2009), and more recently the 
Termovuoto technology is being developed in which the thermal modification is performed under 
vacuum (Ferrari et al. 2013). The basic differences between these processes are the media used to 
avoid the presence of oxygen and heat up the wood (Navi and Sandberg 2012). A short 
introduction to these technologies is provided below. 

 

Thermowood 

Thermowood is the most widely used industrial thermal modification process in Europe based on 
the production rates. The International Thermowood® Association (Thermowood 2016) reported 
that the annual production in 2014 was approximately 145000 m3, which is believed to be the 
largest in Europe (although the production rates for the other technologies are not readily 
available). In addition, the International Thermowood® Association defines and certifies the 
standard conditions of the process. Based on this certified conditions Thermowood® becomes a 
trademark approved by the Office for Harmonization in The Internal Market (OHIM) and 
registered in Switzerland, Japan, China, the USA and Canada (Thermowood 2016). Thermowood 
offers two product classifications referred as Thermo-S and Thermo-D based on the durability 
and intended applications. A detailed description of the process is available in the Thermowood 
Handbook (Thermowood 2003). The process is divided into the three main phases as depicted in 
Figure 4:  

Phase 1: The temperature is increased steadily to 130 °C, during which time the high-
temperature drying takes place and the moisture content in the wood decreases to 
nearly zero. 

Phase 2: The temperature inside the kiln is increased to between 185 °C and 215 °C and then 
maintained at that level for a 2 to 3 hours plateau. The plateau temperature defines the 
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classes Thermo-D (212°C for softwoods and 200°C for hardwoods) and Thermo-S 
(190°C for softwoods and 185°C for hardwoods). 

Phase 3: Cooling by using water spray systems and then re-moisturizing by conditioning to 
bring the wood moisture content to between 4 and 7%. 

 

Figure 4. Diagram of the Thermowood production process (Thermowood 2003) 

 

WTT and Firmolin 

It was demonstrated that thermal modification in saturated steam under pressure using 
temperatures between 160 and 190°C produces similar levels of wood thermal modification as by 
treating the wood at higher temperatures in superheated steam (Burmester 1973, Tjeerdsma et al. 
1998). This concept is currently being commercialized by at least two companies in Europe 
called WTT® (WTT 2016) and Firmolin® (Willems 2009). Dagbro et al. (2010) reported that the 
WTT process is carried out in a pressurized autoclave cylinder made of stainless steel where 
ventilators are not normally continuously used during the process. The steam is generated by 
water heated by a radiator inside the cylinder, and the excess of water evaporated from the wood 
is removed during the process. The equipment is designed to stand 20 bar pressure and 210°C 
temperature, but the optimum operation parameters are temperatures between 160 and 180°C and 
pressures between 7 and 10 bar. In the Firmolin® technology a second chamber is added for a 
claimed more accurate control of both vapor temperature and pressure (Willems 2009). Figure 5 
shows a schematic diagram of Firmolin technology. The thermal modification compartment is an 
autoclave where the wood is heat treated with saturated steam under pressure, and the second 
compartment is a heated water reservoir at controlled temperature: 
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Figure 5. Schematic figure of Firmolin thermal modification technology (Willems 2009) 

 

Plato 

The Plato process consists basically of two stages performed in a stainless steel reactor with an 
intermediate drying stage in a conventional kiln (Ruyter 1989, Boonstra et al. 1998).  In the first 
stage the wood is heated in water under pressure (saturated steam conditions) to temperatures 
between 160 and 190°C. Then the wood is dried in a separate conventional kiln, and 
subsequently re-heated with superheated steam at atmospheric conditions to temperatures 
between 170 and 190°C. Figure 3 shows a picture of an industrial Plato stainless steel hydro-
thermo reactor published online (cyclifiers.org 2016). It is claimed that the Plato process was 
developed by the Shell Corporation when they were involved in logging in South America, and 
patented in 1988. The name was given in reference to the Greek philosopher Plato (cyclifiers.org 
2016). 
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Figure 5. Picture of an industrial Plato hydro-thermo stainless steel reactor (cyclifiers.org, 2016) 

 

Rétification 

The Rétification process is essentially different from the other thermal modification processes in 
the fact that it uses nitrogen as heating media. The process consists in heating the wood slowly in 
a nitrogen atmosphere with less than 2% oxygen to temperatures between 210 and 240°C (Dirol 
and Guyonnet 1993). The process was developed by the Ecole Nationale Supérieure des Mines de 
Saint-Étienne in collaboration with the owner of licenses and patents NOW SA, and the 
manufacturer Furnaces & Boilers Rey. Basic information about the project can still be accessed 
from the original web-page (Guyonnet 2016). According to this information the process was first 
commercialized in 1998 under the name of Rétibois. They installed a first industrial unit of 8 m3 
capacity that worked until 2003 (Figure 4). In 2007 the company was bought by RETITECH.  

 

Figure 6. First commercial Rétification unit installed in 1998 (Guyonnet 2016) 
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Les Bois Perdure 

Les Bois Perdure is a commercial technology thus the information about the process parameters 
is not readily available. Rapp (2001) reported that thermal modification in the Perdure method is 
performed under saturated steam at approximately 230°C. The process also includes a first step in 
which the wood is dried before thermal modification. According to the manufacturers 
information, the process uses the water evaporated during drying as heating media during the 
thermal modification phase, thus the technology do not produce atmospheric emissions (Bois 
Perdure 2016). It only generates liquid residues in very limited quantities. Figure 5 shows a 
picture of a Perdure thermal modification unit. PCI Industry purchased the intellectual property 
rights to the Perdure technology and in 2003 opened 2 plants in Quebec, Canada (Esteves and 
Pereira 2009).    

 

Figure 7. Picture of a Perdure thermal modification unit (Bois Perdure 2016) 

 

Termovuoto 

The Termovuoto process has been developed by the National Research Council of Italy through a 
European funded project TV4NEWOOD within the Eco Innovation program (CNR-IVALSA 
2016) to be finalized on September 2016. Figure 8 shows a picture of the Termovuoto unit. This 
is a new technology for wood thermal modification in which oxygen inside the reactor is 
substituted by partial vacuum (Ferrari et al. 2013). Sub-atmospheric pressure is kept constant 
during the entire process between 150 and 350 mbar, which is equivalent to boiling points 
between 53 and 73°C (Allegretti et al. 2012). First the wood is dried with temperatures up to 
100°C until the wood reaches 0% moisture content, and then the thermal modification is 
performed in the same chamber by increasing the temperature to values between 160 and 220°C. 
A vacuum pump is used to maintain the vacuum during the treatment and remove the residual air.  
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Figure 8. Termovuoto thermal modification unit (CNR-IVALSA, 2016) 

 

Hot oil 

Thermal modification in hot oil was started by the company Menz Holz in Germany (Homan and 
Jorissen 2004). The hot oil process was performed in a closed vessel (Rapp 2001). First the wood 
was placed inside the vessel and then hot oil at temperatures between 180 and 220°C was 
pumped into the system an maintained for 2 to 4 hr. Additional time for heating up and cooling 
down was necessary depending on the wood dimensions. The heating medium was crude 
vegetable oil, such as rapeseed, linseed and sunflower oil. The oil served both as heat transfer 
media to the wood and separation from the oxygen during thermal modification (Rapp 2001).  
According to German Wood Industries newsletter (DeSH 2012), Menz Holz oil-heat-treatment 
OHT was the only known thermal modification treatment based on vegetable oil. 

 

2.5 Property changes 
As stated earlier, one of the main reasons to thermally modify wood is to improve the durability 
properties. Earlier laboratory studies have shown properties of durability to be almost comparable 
to CCA impregnated wood (Viitanen et al. 1994). Because thermally modified wood is not 
recommended for use in ground contact, it should not be regarded as a replacement for CCA 
impregnated wood in all cases, even though it is a more environmentally friendly choice. 

A limiting use-factor is also the fact that high durability requires high treatment temperature, 
which results in great loss of strength. As reported by Bengtsson, Jermer and Brem (2002), 
strength reduction was about 50% in full-length spruce and pine beams that had been treated at 
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220°C for 5 hours. Knots are highly affected by the thermal modification process and in turn 
weaken the beams. 

It is very difficult to describe chemical changes in detail taking place during the thermal 
modification process. Many chemical changes occur simultaneously involving both endothermic 
and exothermic reactions. Determining temperatures for every single reaction is therefore nearly 
impossible at present. Other factors that complicate a detailed chemical analysis are the 
interactions taking place between different components inside the wood and between wood and 
the treatment atmosphere. As consequence the analysis performed on isolated components can be 
quite different compared to what really takes place inside the wood.  

The result from a thermal modification process is very much dependent on temperature, time and 
the presence of oxygen and water. Presence of oxygen will result in oxidative reactions that 
preferably can be prevented by treating in an inert atmosphere such as nitrogen, oil, water or 
steam. Steam is a common, efficient and rather cheap way of creating this inert atmosphere, but it 
also influences the reactions that occur during the treatment. Stamm (1956) demonstrated that 
degradation is greater in system where water or moisture is present. 

Whether the system is closed or open has also been found to influence degradation (Stamm 
1956). The reason is that there will be a build-up of for example acetic acid in a closed system. 
The acid can then further interact with the reactions taking place. 

The most sensitive compound in wood when it comes to thermal modification is hemicellulose. It 
is by now generally accepted that degradation of hemicellulose results in less accessible bonding 
sites for water. Hardwoods have been shown to be less thermally stable than softwoods (Fengel 
and Wegener 1984). Earlier studies have shown that birch xylan starts to degrade already at 
117°C and pine glucomannan at 127°C (Ramiah and Goring 1967). 

A clearly visible effect of wood that has been thermally modified is that it acquires a darker 
color. In many cases, this darkening effect is regarded as a positive effect. The change in color is 
especially desirable for markets where more exclusive hardwoods are normally used (Johansson 
2008). Color measurements have a great potential for predicting the quality of the thermal 
modification process (Torniainen et al. 2015), predicting property changes such as chemical 
changes (Bourgois et al 1991), strength loss (Bekhta and Niemz 2003) and mass loss (Patzelt et al 
2003). 

 

2.6 Industrial Quality Control  
Thermal modification in industry is certified by measuring the temperature and time of the 
process, which in turn affects the color of the wood. Quality control in this context refers to the 
measurement of wood color as an indirect measure of treatment intensity. Brischke et al. (2007) 
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stated that measuring wood that was ground by milling resulted in fewer color variations than 
measuring the surfaces of solid wood; thus measurements of ground wood are recommendable 
for obtaining results with a higher statistical significance. The method used in our study, on the 
other hand, was designed to be performed on the external surfaces of the wood; thus six locations 
were measured from each board to compensate for the natural color variations. 
Even though thermal modification is a highly empirical science, industrial implementation 
involves uncontrolled variables that are not present in laboratory conditions. Our research has 
confirmed that color of thermally modified wood is measurable and predictable in industry within 
ranges of error that are acceptable for a commercial application. 

 

2.7 Qualitative and quantitative data 
Quantitative research collects data in numerical form which can then be analyzed and put into 
categories, or in rank order, or measured in units of measurement. This type of data can be used 
for example to construct graphs and tables of raw data. Experiments that yield measurable data 
are very common in quantitative research. 
 
Qualitative research collects information that is not in numerical form. It is common to conduct 
qualitative research as a case study. A case study is not primarily a research strategy or method 
but is instead defined on the basis of what is to be studied (Merriam 2009). A case study 
describes and analyzes a defined system. In my research there will be possibilities to follow 
regional wood industry managers for a longer time, probably several years and study for example 
product development processes over long periods of time as well as collaborative strategies and 
innovation and commercialization activities. Hertting (2007) describes his study on leadership 
and learning activities in children’s soccer as a qualitative case study based on the following 
criteria: 
 
1) Specific social group in a specific context 

2) Complementary methods of data collection 

3) The goal of a holistic understanding 

 

In my main research field, all research and experiments should be possible for other researchers 
to repeat and obtain the same results. Qualitative case studies have been criticized for not being 
generalizable. This is somehow a natural consequence when somebody decides to study a limited 
number of cases in depth. Instead a deeper understanding of how something relates to something 
else is obtained, and a lot can be learned from a single case (Merriam 2009). An interesting 
remark is made by Merriam (2009): 

”It is the reader, not the researcher, who determines what can apply to his or her context”. 

Ethnographic techniques of observation have a long and well-established history in the social 
sciences, particularly in the fields of anthropology and sociology. Ethnography (literally 
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translated ‘writing about culture’) essentially involves a researcher observing and recording 
human behavior in a particular setting (often referred to as ‘the field’). The strength of this 
approach, compared to closed-ended surveys or experimental designs is that it allows the 
researcher to directly observe the many nuances and contingencies of human behavior as they 
become manifest in a ‘natural’ setting. Of course, what researchers actually see or hear in the 
field and how they interpret it are both filtered through the researchers' orientation toward the 
subject of the observations. In other words, the researchers' substantive focus and analysis are 
mediated by the way they relate to the subject of analysis (Marvasti 2014). 

According to Marvasti (2014), rapport can be viewed as having greater understanding of, and 
entrance into the world of the others. Thus building and maintaining rapport is a key component 
of observational research. 

Qualitative analysis involves two activities: first, developing an awareness of the kinds of data 
that can be examined and how they can be described and explained; and second, designing a 
number of practical activities that assist collecting the kinds and large amounts of data that need 
to be examined (Gibbs, 2007). 

One of the functions of the analysis, according to Gibbs (2007), is to find patterns and produce 
explanations. There are two opposed logics of explanation, induction and deduction, and 
qualitative research uses both. 

 Induction is the generation and justification of a general explanation based on the 
accumulation of particular circumstances.  

 Deductive explanation explains a particular situation by deduction from a general 
statement about the circumstances. A hypothesis is deduced from a general law and tested 
against reality by looking for circumstances that will confirm it. 

When talking about research quality, the concept of triangulation is often brought up. 
According to Flick (2007) the definition of triangulation is as follows:  

“Triangulation includes researchers taking different perspectives on an issue under study or 
more generally in answering research questions. These perspectives can be substantiated by 
using several methods and/or in several theoretical approaches. Both are or should be linked. 
Furthermore, it refers to combining different sorts of data against the background of the 
theoretical perspectives that are applied to the data. As far as possible, these perspectives 
should be treated and applied on an equal footing and in an equally consequent way. At the 
same time, triangulation of different methods or data sorts should allow a principal surplus 
of knowledge. For example, triangulation should produce knowledge at different levels, 
which means they go beyond the knowledge made possible by one approach and thus 
contribute to promoting quality in research.” 
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3. Results and discussion  
3.1. Color 
 
This study has shown that there are differences in color responses regarding temperature in 
Superheated Steam (SS) and Pressurized Steam (PS) processed wood. PS-treated wood was 
darker than SS-treated wood even though the temperature of PS treatment was around 30°C 
lower. The difference in color response was especially evident when analyzing thermally 
modified Scots pine. There were also differences in color for Norway spruce, but these were not 
as great as for Scots pine. Chroma difference ( C*) showed that SS-treated (Thermo-D) Scots 
pine was more saturated than 180°C PS-treated wood, and SS-treated (Thermo-S) Norway spruce 
was less saturated than 160°C PS-treated wood, where Saturation defines a range from pure color 
(100%) to gray (0%). Color was also compared for thermally modified birch. There was only a 
small L*a*b* color value difference between birch treated in saturated steam at 160°C and 
superheated steam at 185°C. The difference is less than three units in lightness (L*) and 1.5 units 
in redness (a*). 
 
This study also reports results of industrial color measurements of thermally modified spruce and 
pine produced by a certified sawmill in Finland. The study did not show obvious discrepancies 
with previous laboratory studies, thus basically confirming that color change in thermally 
modified spruce and pine is measurable and predictable in an industrial production facility. In 
summary, the study confirmed that in an industrial scenario it is possible for quality control 
purposes to measure the color of thermally modified wood from the surfaces of planed boards 
instead of sawdust or board cross sections. The results demonstrated that there was a linear 
relationships between L* and a* in spruce thermally modified at 190°C, and between L* and b* 
in spruce and pine thermally modified at 212°C. The large majority of the measured L*, a*, and 
b* color values were within the ranges of values currently required for certified thermally 
modified wood. 
 

3.2. Mechanical and chemical properties 
 
Both the thermal treatments carried out in superheated and saturated steam in this study resulted 
in several changed properties. Dimensional stability and weather resistance were improved by 
thermal modification, but there were also properties requiring compromises and optimization 
regarding the process and parameters. Thermal modification in saturated steam produced more 
acidic birch compared to thermal modification in superheated steam. This might have 
consequences, requiring more research e.g. concerning surface treatment and fixation. EMC of 
thermally modified birch with both treatment methods was significantly lower than EMC of 
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untreated birch. The difference in EMC between untreated and thermally modified birch 
increases with higher relative humidity (RH). Birch modified in saturated steam at 160°C was 
clearly more acidic compared to birch modified in superheated steam at 185°C. Some preliminary 
bending strength and Brinell hardness tests were carried out as well. 
 
Treatment of Scots pine and Norway spruce under pressurized steam (PS) conditions lead to 
larger formation of furfurals and soluble carbohydrates than treatment under superheated steam 
(SS), even though treatment temperature at PS conditions was about 40°C lower than at SS 
conditions. Despite the fact that the amount of furfurals was lower for softwoods than for birch, it 
was desirable to have lower amount of degradation products and soluble carbohydrates to favor 
the use of wood material in applications such as cladding, in which saccharides in the surface of 
thermally treated wood increases the risk of mold growth. Careful control of the moisture content 
in the wood during the process is considered to be important as well as to avoid low pH in the 
wood. A reduction in temperature was expected to reduce the amount of soluble carbohydrates, 
but treatments with birch showed that such carbohydrates could be present in the material to a 
larger extent when the temperature was lowered 10oC. 
 

3.3. Industry-academia cooperation 
 
Trust played a major role in the development in the industry and academy alliance. Trust 
increased during the collaboration and contributed to the success of the academia-industry 
alliance (AIA). Trust was enhanced by the fact that industry and academy partners had different 
but complementary measures of success. While industry expected a successful implementation of 
the technology in their facilities and a profitable entry in the business of thermally modified 
wood, the universities looked for a better understanding of the process and opportunities for 
research that could be published in scientific journals. The main mutual gains for having this 
collaboration was achieving a better understanding of materials and processes that could lead to a 
lower production cost and higher product quality. 
 
This study showed that trust was the main element that facilitated the success of the enterprise. 
Trust reduced the perceived risk and the need of control. The biggest risks were not associated to 
the collaboration between academia and industry but rather the fact that companies decided to 
invest in a technology and segment of the market that were still not fully developed in Sweden. 
Written agreement and legal documents could have been used to reduce risk, but in this case the 
only document signed by all parties involved was an application for research funding. The results 
however were very positive as all parties were satisfied with the outcome of the project, and it 
positively increased trust between academia and industry in the regional wood product sector. 
Overall, the results of this study contribute to increase the understanding of how trust could be 
built and developed between industry and academy. 
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4. Conclusions 
 
The most important contribution of this study to the field of thermal modification can 
summarized as following: 
  
o So far this is one of the most comprehensive studies comparing the two leading technologies 

in thermal modification of wood, Thermowood process and WTT process. 

o The study combines the traditional technical research, industrial implementation, and 
qualitative studies on trust building regarding industry academia cooperation. 

 
Regarding the first research question: "Do the two available most common industrial thermal 
modification processes in Scandinavia produce wood products with different properties?”. It 
could be said that the main difference between Thermowood and WTT is that Thermowood is a 
standard process defined and certified by a Thermowood association. On the contrary, WTT is a 
kiln manufacturer, which provides a particular piece of equipment and recommendation on how 
to perform the process. WTT is a faster process, more suitable for lower volumes, and has a 
lower capital cost and energy consumption than typical industrial kilns used for the Thermowood 
process. Thermowood is a more mature process, more suitable for large scale production, and it is 
supposed to be independent of the kiln manufacturer. Because Thermowood is a certified process, 
it produces more stable and consistent product quality regardless of kiln manufacturer. It was also 
found that Thermowood and WTT process produced different results regarding color, acidity, 
carbohydrates, furfurals, and soluble degradation products. Treatment in pressurized steam 
produced darker wood, a larger formation of furfurals and soluble carbohydrates, and more acidic 
wood compared to thermal modification in superheated steam. 

Regarding the second research question: "How can successful trust building between academia 
and wood products industry be developed in Northern Sweden?". During the course of this study, 
it was found that very little research has been reported on the subject of trust building between 
academia and industry. Increasing global competition, new technology emergence, process 
development, environmental challenges and limited resources drive firms to continuously 
develop knowledge and new technologies for long-term survival and prosperity. Consequently, 
potential benefits from academia industry alliances (AIA) are numerous for the parties involved. 
One of the main concerns seems to be that the inter-organizational relationships and the 
necessary trust are difficult to establish in order to make the collaboration effective. This study 
suggested that AIAs are not easy to establish among academia and SMEs in the wood industry.  It 
was found that trust played a major role in the development in the industry and academia alliance. 
Trust increased during the collaboration and contributed to the success of the AIA. Trust was 
enhanced by the fact that industry and academia partners had different but complementary 
measures of success. 



24 

 

  



25 

 

5. Future work 
I started this journey in science by focusing on experiments and measurements related to 
industrial-scale thermal modification wood. I have since then moved on to more strategic and 
collaborative studies on academia-industry alliances. I now lead and manage a regional 
development project which I together with Professor Diego Elustondo planned, raised support 
and applied funding for which was granted by all agencies and authorities we contacted. We are 
now in the process of setting up a foundation for new innovative research projects, collaborations 
and bringing new ideas and people into the wood sector. 

It is a well-established conception that in order to survive global competition, Swedish small and 
medium sized enterprises (SMEs) must rely much more on knowledge, entrepreneurship, and 
innovation. I am absolutely convinced that one of the best way of revitalizing the wood products 
sector in Northern Sweden is by promoting new collaborations and the incorporation of people, 
research areas and innovative ideas that have not been traditionally associated to the wood 
industry. I identify that there would be several opportunities for growing regional SMEs through 
close collaboration between academy and industry, but I also recognize that an innovative 
approach is needed to facilitate the interaction among the different actors mentioned above. More 
specifically, a cooperative approach is needed to strengthen the competitiveness and innovative 
ability of existing small- and medium sized companies. Undoubtedly, this would require a strong 
cooperation between academia and industry. “Smart specialization” – capturing that the context 
matters for the evolution of the innovation system – suggests that major university strengths 
should be aligned with the surrounding main industry’s competitive core capabilities. If this is 
evident, then the industry may sustain future competitiveness in a knowledge based economy. 
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Colour responses from wood, thermally modified in superheated
steam and pressurized steam atmospheres
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Abstract
In this study, two different methods were used to produce thermally modified wood. One was carried out in a typical kiln
drying chamber using superheated steam (SS) and the other used pressurized steam in an autoclave cylinder (PS). Overall,
both processes followed the same principles and the wood was not treated with any chemicals. Two wood species were
studied, Scots pine (Pinus sylvestris) and Norway spruce (Picea abies). Treatments in the autoclave were carried out under
pressure using temperatures of 1608C, 1708C and 1808C. Temperatures of 1908C and 2128C were used in treatments in the
chamber at normal air pressure. The colour was measured using L*C *H colour space. Results for both species showed that
similar L* (lightness) can be reached at lower (20�308C) temperatures using PS compared with SS treatment. The hue angle
of PS-treated wood was smaller than that of SS-treated wood. No significant difference in C * (chroma) was detected. The
difference in E value between PS- and SS-treated wood was smaller for Norway spruce than for Scots pine. The residual
moisture content was about 10% higher in wood treated by the PS process compared with the SS process.

Keywords: Colour response, hygrothermal treatment, Norway spruce, Picea abies, Pinus sylvestris, pressurized steam,

saturated steam, Scots pine, thermal modification.

Introduction

Heat treatment at 160�2608C is one of several

methods used to modify wood to increase its

tolerance to various internal and external conditions.

Examples of commercial processes are Thermo-

Wood† in Finland, the Plato process (Boonstra

et al., 1998) in The Netherlands, the hot-oil bath

Menz Holz in Germany, and the Perdure and

Retification (Retified Wood) process in France.

A method of producing thermally modified wood

using pressurized steam has been introduced in

Denmark. This method involves hygrothermal treat-

ment carried out in a pressurized autoclave cylinder.

Heat treatment under pressure in autoclave sys-

tems has been investigated in Germany (Burmester,

1973, 1975; Giebeler, 1983). Thermal treatment in

general results in changes in the chemical and

physical properties of wood. Darkening of wood is

related to wood temperature and treatment time.

Measuring the colour of thermally modified wood

has been used in Finland as a quality control tool for

process evaluation. Brischke et al. (2007) found

strong correlations between colour data and heat

treatment intensities.

The formation of colour is related to degradation

processes of wood components taking place during

heat modification processing. A high correlation

between the colour of heat-modified wood and

degradation of hemicellulose and lignin has been

found (Esteves et al., 2008). Furthermore, correla-

tions with both types of softwood hemicelluloses,

glucomannan and xylan, were presented by

González-Penña and Hale (2009). Radicals are

formed during thermal modification (Sivonen

et al., 2002) and their importance in colour forma-

tion and stability was studied by Ahajji et al. (2008).

The importance of the presence of air for colour

formation during heat modification of pine and

eucalypt wood has been investigated (Esteves et al.,

2008). Bekhta and Niemz (2003) reported the
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importance of humidity for colour formation during

modification of spruce at 2008C.

The overall aim of this study was to investigate

conditions for producing thermally modified wood

with similar colour properties using two different

types of process. One process used superheated

steam (SS) and the other, pressurized steam (PS),

comprised hygrothermal treatment in a high-

pressure autoclave introduced by the Danish com-

pany WTT (Wood Treatment Technology). The

ThermoWood technology is well known and used

on a large scale in the wood industry. The treatments

were evaluated by measuring the colour coordinates,

L*C *H 8.
The outline of the reaction conditions during PS

treatment in this study was assisted by results

reported from studies on biological resistance tests

at the University of Freiburg (Ohnesorge et al.,

2009). They showed that significant improvements

in softwoods can be achieved in an autoclave process

(PS) at a temperature of 1808C. The samples

hydrothermally treated at 1808C and a holding

pressure between 7 and 12 bars for a specific

duration showed an average mass loss of less than

3% for almost every wood species after 32 weeks’

exposure to a soil bed. This temperature range is not

sufficient to reach the correspondent decay resis-

tance level using superheated steam (SS). The tests

for PS heat-treated wood were conducted according

to standards EN 350-1, DIN 84, ENV 807, EN 113

and CEN/TS 15083-1, and the effect of treatment

was assessed according to CEN/TS 15083-2:2005.

At 1808C, Norway spruce and Scots pine were both

classified according to durability class 1 (Table I).

Using the same evaluation methods, durability

classes 2 and 3 have been reported for the same

species treated at 2128C according to Thermo-D

quality (International ThermoWood† Association,

2008; Alfredsen & Westin, 2009). Using PS technol-

ogy at 1608C, Norway spruce and Scots pine were

both classified as durability class 3. This will not be

attained with Thermo-S. This study focuses on the

comparison of colour responses from PS-treated

softwoods, Scots pine and Norway spruce, at

1608C, 1708C and 1808C with SS-treated 1908C
and 2128 classes, called Thermo-S and Thermo-D.

Materials and methods

Materials

The wood species used were Norway spruce (Picea

abies) and Scots pine (Pinus sylvestris) from the

growing area Northern and North Eastern Europe

(NNE). The total number of studied samples in this

study was 90. Samples approximately 4 m in length

were randomly selected, but some visual defects

were consciously avoided. The dimensions of PS-

processed boards were 50�100, 50�125 and 50�
150 mm, and the dimensions of SS-processed

boards were 25�150 and 32�150 mm.

SS-processed material (see below), 10 samples

from each plant, was delivered from production

plants in Finland Metsäliitto Osuuskunta Finnforest,

Lunawood, SWM-Wood and Stora Enso. The cho-

sen Thermo-S and Thermo-D samples represented

the approved values set by the International Ther-

moWood Association (ITWA) and were externally

controlled by Inspecta Certification.

PS-processed material was produced by ETS

Röthlisberger SA, Switzerland, and a recently estab-

lished plant in Arvidsjaur, Sweden. Raw material for

the treatments in Switzerland was delivered from

Sweden.

Methods

Two types of thermal modification processes were

used in this study, ThermoWood using SS and WTT

heat-treated wood using PS.

ThermoWood: superheated steam

The ThermoWood process uses SS. It was devel-

oped by VTT (Technical Research Centre of Fin-

land) in co-operation with some universities (Mikkeli

University of Applied Sciences/YTI and Tampere

University) and industrial partners. The research

work in Finland started at the beginning of the

1990s. As a result of long-term research and devel-

opment work two standard classes, Thermo-S and

Thermo-D, were established in 2002. The S means

stability and the recommended use is in hazard

classes 1 and 2 (according to EN 335-2)

(Table II). The D describes durability and means

that the suitable use is in hazard classes 3, 2 and 1.

The manufacturing process of ThermoWood is

based on the use of high temperature and super-

heated steam. No chemicals are used in the process.

The process is normally a one-stage system that

takes green or predried timber to the final product

without any stops in the process. The process can

also be carried out as a progressive multiphase

system, which means that the same phases as in

Table I. Classification of natural durability to wood-destroying

fungi (according to EN 350-2).

Durability class Description

1 Very durable

2 Durable

3 Moderately durable

4 Slightly durable

5 Not durable
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the one-stage system are used, but performed step by

step in separate chambers. The control of the

process is based on temperature of either the wood

or the air.

The treatment phases carried out in the Thermo-

Wood process for softwood can be recognized

according to Figure 1:

1. Heating of wood and kiln (temperature increase

up to 90�1008C).

2. High temperature kiln drying (intensive kiln

drying 100�1308C, mild treatment 130�1908C).

3. Intensive heat treatment at 190�2128C for

2�3 h, depending on treatment class: (a)

Thermo-S (1908C938C, treatment time

2�3 h); (b) Thermo-D (2128C938C, treatment

time 2�3 h).

4. Cooling.

5. Moisture stabilization (wood moisture content

4�7%).

6. Final cooling before unloading.

Pressurized steam

PS can be used as part of the process to produce

thermally modified wood. The heat-treatment pro-

cess using PS in this study was introduced by Danish

company WTT in co-operation with the institutes

from Germany and Switzerland.

WTT treatment (PS) is carried out in a pressur-

ized autoclave cylinder made of stainless steel.

Ventilators are not normally used during the process.

Steam is generated by water fed into the tube and

heated by the radiator inside the cylinder during the

process. In the PS process no chemicals are used.

Part of the water evaporated from the wood is

removed during the process. The pressure is speci-

fied to reach up to 20 bar and the air temperature up

to 160�2108C. According to the experiments con-

ducted by WTT, the pressurized thermal process

reaches its full performance in the temperature range

160�1808C. In conducted experiments, the pressure

ranged between 7 and 10 bar and autoclave tem-

perature was normally set to 1608C or 1808C. The

wood was not totally dry after the hygrothermal

process but had about 10�15% residual moisture

content, according to oven-dry weight measure-

ments conducted at LTU.

In the WTT treatment process there was one

notable technical difference between the plants

in Switzerland and Sweden. In Sweden there was a

fan inside the treatment cylinder, which was not used

in Switzerland. This difference may have an influence

on treatment results when comparing the colour of

products treated with the same treatment schedule.

The PS process schedule with different phases is

shown in Figure 2:

Figure 1. Process schedule with main phases for ThermoWood.

The intensive heat treatment lasts for 2�3 h in phase 3.

Table II. Hazard classes representing the different service situa-

tions to which wood and wood-based products can be exposed

(according to EN 335-1).

Hazard

class

Wood moisture

content General service situation

1 Maximum 20% Above ground, covered (dry)

2 Occasionally �20% Above ground, covered (risk

of wetting)

3 Frequently �20% Above ground, not covered

4 Permanently �20% In contact with ground or

fresh water

5 Permanently �20% In salt water

Figure 2. Process schedule with main phases for pressurized

steam (PS). The intensive heat treatment takes place over 0.5�
1.5 h in phase 3.
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1. Prevacuum (up to 0.3 bar).

2. Heating (temperature increase up to 110�
1208C).

3. Drying and heat treatment under pressurized

condition (temperature up to 160�1808C).

4. Cooling (down to 40�708C).

5. Pressure normalization/equalization.

Colour measurement

The colour was measured from the planed (3 mm),

defect-free outer surface of the wood samples.

There were three different measurements on each

sample, taking into consideration the whole width

of the board (Figure 3). The reported value is the

average of these three measurements. The colour

measurement devices used were Minolta Chroma

Meters CR210 and CR310.

The Minolta Chroma Meter measures the colour

in a three-dimensional colour space (Figure 4), and

the parameters are L* for lightness, C* for chroma

and h for hue angle. The values are easily converted

to Commission Internationale Enluminure (CIE)

L*a*b* values, which apply for the CIE system and

standard.

The L*C*h colour space uses the same diagram as

the L*a*b* colour space, but uses cylindrical co-

ordinates instead of rectangular coordinates. In this

colour space, L* indicates lightness and is the same

as the L* of the L*a*b* colour space, C* is chroma,

and h is the hue angle. The value of chroma C* is 0

at the centre and increases according to the distance

from the centre. Hue angle h is defined as starting at

the �a* axis and is expressed in degrees; 08 would

be �a* (red), 908 would be �b* (yellow), 1808
would be �a* (green), and 2708 would be �b*

(blue). The E value (DE*ab) is the calculated value

that shows the total difference in colour based on the

difference in L*, a* and b* values.

h�tan�1

�
b

a

�
(1)

C�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2�b2

p
(2)

a�Ccos h (3)

b�Csin h (4)

Figure 3. Measuring the colour from the samples.

Figure 4. Three-dimensional colour space. The L* coordinate

shows the lightness value, the polar coordinate C* the chroma

value and h the hue angle. The figure also shows how C* and h are

related to a positive a* value, which shows redness, and a positive

value b*, which shows yellowness.
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DE*
ab�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(DL*)2�(Da*)2�(Db*)2

q
(5)

Results

Data from measurements of colour responses of

thermally modified boards are shown in Figures 5�
8. The results from analysis of L* values in Figure 5

and Table III indicate a darker colour of wood

treated by the PS process than by the SS process.

The DL* values of PS-treated Scots pine were �8.9

(1808C) and �7.5 (1608C), meaning that it was

darker than SS-treated wood. The DL* values for

heat-treated Norway spruce showed a smaller

difference: the DL* values of PS-treated spruce

were �5.5 (1808C) and �3.1 (1608C). PS treat-

ment of spruce at 1708C was carried out in

Arvidsjaur. Data in Table III show that the differ-

ence in colour between this treatment and PS

treatment at 1608C was much smaller than for PS

treatment at 1808C.

When analysing values of chroma C* values from

colour measurements (Figure 6, Table IV), there

were differences between the treatments for Scots

pine (Thermo-D/1808C) and spruce (Thermo-S/

1608C). The DC* of Thermo-D-treated Scots pine

was �3.4 compared with 1808C PS-treated wood.

This shows that Thermo-D-treated wood was more

saturated than PS-treated wood. The DC* of

Thermo-S treated Norway spruce was �2.2 com-

pared with 1608C PS-treated wood, indicating that

Thermo-S-treated wood was less saturated than PS-

treated wood. No notable difference in DC* was

detected between the treatments Scots pine

Thermo-S (1608C) and Norway spruce Thermo-D

(1808C).

A larger deviation in chroma values was observed

with the PS-treated wood when comparing the

standard deviation values in Table IV.

Data on hue angle are presented in Figure 7 and

Table V. The higher value of hue angle for SS-

treated compared with PS-treated wood shows that

�b* yellowness was more dominant in SS, whereas

�a* redness was more dominant in PS-processed

wood. The DH* between SS-treated Thermo-D

and 1808C PS Scots pine was �6.69, meaning that

the colour of SS-treated Thermo-D wood was

closer to the �b* axis, and yellower. The DH*

between SS-treated Thermo-D and 1808C PS

Norway spruce was �3.39. With the lower tem-

perature (1608C and Thermo-S), DH* was �4.14

for pine and �2.16 for spruce, indicating the same

direction as with the treatment at a higher tem-

perature.

Results from the analysis of E values in Figure 8

show small differences for both Scots pine and

Norway spruce. The difference between the pro-

cesses was more evident for Scots pine than for

Norway spruce. The DE between SS-treated

Thermo-D and PS-treated 1808C pine was 9.5.

The corresponding DE for spruce was 4.9. The

lower treatment with pine and spruce gave DE
values of 6.7 and 1.8, indicating a similar conclu-

sion, that the difference is greater with pine than

with spruce.

By comparison of the data in Figures 5�8 and

Table III�VI, it may be concluded that the E values

for thermally modified Scots pine were mostly

influenced by lightness and hue angle.

The small difference in E value for thermally

modified Norway spruce was mostly due to mea-

sured values of the hue angle.

Figure 5. Lightness of Scots pine (left) and Norway spruce (right) treated by superheated steam (Thermo-S, Thermo-D) and pressurized

steam (PS) processes.
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Figure 7. Hue angle of Scots pine (left) and Norway spruce (right) treated by superheated steam (Thermo-S, Thermo-D) and pressurized

steam (PS) processes.

Figure 8. E value of Scots pine (left) and Norway spruce (right) treated by superheated steam (Thermo-S, Thermo-D) and pressurized

steam (PS) processes.

Figure 6. Chroma of Scots pine (left) and Norway spruce (right) treated by superheated steam (Thermo-S, Thermo-D) and pressurized

steam (PS) processes.
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Discussion

It is evident from the results that a similar colour of

pine and spruce could be achieved at a much lower

temperature when thermally modified under pres-

sure, the PS process, than under SS conditions. This

seems to be related to differences in the moisture

content of the wood during the treatments.

A lower treatment temperature could be compen-

sated for by the presence of moisture in the wood,

which will increase the flexibility of the wood

polymer chains and take part in hydrolytic cleavage

of glucosidic bonds and acetyl groups, and probably

also further dehydration reactions. Since the PS

process is a closed process, the acetyl groups on

hemicelluloses produce acids that are not ventilated

out and could result in accelerated degradation of

the polysaccharide components of the cell wall

(Stamm, 1956; Sivonen et al., 200; Nuopponen

et al., 2004). High acid content and corresponding

low lightness and hue have been found during

hydrothermal treatment of birch (Sundqvist, 2004).

The role of the formation of acid will be further

investigated in future papers.

Pine was found to be darker than spruce when

treated in PS compared with SS. One reason for this

behaviour could be that the extractives content,

which contributes to the colour of wood, is higher

in pine wood than in spruce wood. As strict control

over wood temperature was not performed it could

also be due to differences in wood temperature,

which may be higher than in the tube owing to the

presence of exothermal reactions.

Thermo-D and PS treatment at 1808C showed a

larger difference than between Thermo-S and PS

1608C based on the comparison of calculated E

values in Figure 8.

In conclusion, this study has shown that there

are differences in colour responses regarding

Table V. Average values and standard deviation for hue angle values.

Pine

PS 1608C
Pine

Thermo-S

Pine

PS 1808C
Pine

Thermo-D

Spruce

PS 1608C
Spruce

Thermo-S

Spruce

PS 1708C
Spruce

PS 1808C
Spruce

Thermo-D

Average 66.16 70.30 60.23 66.92 69.38 71.54 68.73 63.97 67.36

SD 1.02 0.93 1.40 0.72 0.96 1.52 0.93 2.81 0.73

Table III. Average values and standard deviation for lightness values.

Pine

PS 1608C
Pine

Thermo-S

Pine PS

1808C
Pine

Thermo-D

Spruce

PS 1608C
Spruce

Thermo-S

Spruce

PS 1708C
Spruce

PS 1808C
Spruce

Thermo-D

Average 51.55 59.06 41.18 50.07 58.23 61.25 55.09 46.13 51.64

SD 2.93 2.17 1.39 1.24 1.76 2.67 1.06 4.26 1.46

Note: PS�pressurized steam.

Table IV. Average values and standard deviation for chroma values.

Pine

PS 1608C
Pine

Thermo-S

Pine

PS 1808C
Pine

Thermo-D

Spruce

PS 1608C
Spruce

Thermo-S

Spruce

PS 1708C
Spruce

PS 1808C
Spruce

Thermo-D

Average 27.24 27.11 19.98 23.39 28.62 26.41 27.76 23.84 23.66

SD 1.76 0.45 1.58 0.97 1.43 0.51 0.56 2.84 0.95

Note: PS�pressurized steam.

Table VI. Average values and standard deviation for E values.

Pine

PS 1608C
Pine

Thermo-S

Pine

PS 1808C
Pine

Thermo-D

Spruce

PS 1608C
Spruce

Thermo-S

Spruce

PS 1708C
Spruce

PS 1808C
Spruce

Thermo-D

Average 58.31 64.99 45.78 55.27 64.90 66.71 61.69 51.93 56.81

SD 3.38 2.08 1.89 1.45 1.69 2.39 1.11 5.07 1.54

Note: PS�pressurized steam.
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temperature in SS- and PS-processed wood. PS-

treated wood was darker than SS-treated wood even

though the temperature of PS treatment was around

308C lower. The difference in colour response was

especially evident when analysing thermally modi-

fied Scots pine. There were also differences in colour

for Norway spruce, but these were not as great as for

Scots pine. DC* showed that SS-treated (Thermo-

D) Scots pine was more saturated than 1808C PS-

treated wood, and SS-treated (Thermo-S) Norway

spruce was less saturated than 1608C PS-treated

wood. These differences could be partly explained

by the technical differences between the processes in

Switzerland and Sweden. The L* value for Norway

spruce treated in Arvidsjaur with the same treatment

parameters had an L* value 7�10 units lighter than

the treatment carried out in Switzerland.

From the E values it can be concluded that the

colour responses due to an increase in modification

temperature were different, for both Scots pine

and Norway spruce. Scots pine showed a larger

difference between SS-treated and PS-treated wood

than did Norway spruce.

The residual moisture content of PS-processed

boards was much higher than expected. To reach a

residual moisture content of about 6%, announced

by WTT, the boards have to be predried to less than

10% before the heat treatment process. In the

treatments conducted in Arvidsjaur with timber

kiln-dried to 18�20%, the residual average moisture

content varied between 12 and 16%, which is

expected to be too high for the intended applications

of thermally modified timber. In addition, the

gradient and variation in the moisture content

must be optimized. Based on the experiments so

far, further improvements to the PS treatment are

needed to improve the quality of the processed

material and repeatability of the process.

The colour measurements showed clear differ-

ences between PS treatments done in Switzerland

and Sweden. The wood treated in Switzerland was

darker than the corresponding raw material treated

in Sweden. Technical differences between the plants

are the most likely explanation for at least part of the

results. First, in Switzerland, a fan is not used to

circulate the air inside the cylinder, whereas a fan is

used in Sweden. Secondly, the water pool at the

bottom of the cylinder is much bigger in Sweden,

and is likely to cause changes in steam generation

and pressure during the process. Thirdly, changes in

control parameters used during the process are likely

to cause changes in the treated material after the

process.In this study there has been a focus on

colour responses from SS-processed and PS-

processed wood. Other properties and possible

differences between the two processes will be in-

vestigated in future research. It is possible that

colour could be an indicator of other properties.

Chemical analysis has also been started and will be

presented in future papers.
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THERMAL MODIFICATION OF BIRCH USING 
SATURATED AND SUPERHEATED STEAM 

Torniainen, P.1, Dagbro, O.1 & Morén, T.1 

ABSTRACT 

During the thermal modification, wood is normally exposed to temperatures between 
160 - 220°C.  As a result physical and chemical changes are taking place and some of 
the wood properties are changed. Dimensional stability and weather resistance are 
improved. On the other hand the mechanical strength properties are usually negatively 
affected by the treatment. The visual appearance is also changed. There were two 
different types of thermal modification processes used in this study. One of them was 
using saturated steam and the other one superheated steam. Treatment temperature was 
160°C in saturated steam process and 185°C in superheated steam. The wood specie 
used in this study was Silver birch (Betula pendula). In the chemistry part the acid 
content was investigated. Despite the 25°C lower treatment temperature, birch modified 
in saturated steam was more acidic compared to birch modified in superheated steam. 
Some differences in equilibrium moisture content (EMC) and dimensional stability were 
found mainly in the environment T=20°C and RH=85%. The colour of birch treated in 
saturated steam at 160°C was darker than the colour of birch treated in superheated 
steam at temperature 185°C.  

Key words: Saturated steam, Superheated steam, Thermal modification, Heat treatment  

INTRODUCTION 

Environmental aspects have increased interest to develop new, alternative wood 
modification methods. Thermal modification using adjustable treatment parameters is 
one of them. Thermal modification of wood causes both chemical and physical changes. 
The changes depend on different factors such as process, treatment parameters, wood 
species, moisture content and sometimes even on dimension of treated wood. Usually 
the thinner, having smaller cross-section samples are easier to treat. The major part of 
property changes during the treatment process are caused by chemical reactions taking 
place in the wood cell structure. It is well known that hemicelluloses are degrading 
during thermal modification process (Stamm 1956, Kollman and Fengel 1965, 
Tjeerdsma et al 1998, Sivonen et al. 2002). Acetyl groups of hemicelluloses are split of 
during heating and as a result acetic acid is formed (Kollman and Fengel 1965). In 
hardwoods, acetic acid formation is mainly due to the degradation of the hemicellulose 
glucuronoxylan (Theander and Nelson 1998). Low- molecular organic aids such as 
acetic and, especially, formic acid are volatile and are difficult to collect and analyse 
(Sundqvist et al. 2006). Dimensional stability of heat treated wood is related to 

1 Division of Wood Science and Engineering, Luleå University of Technology SE 931 87 Skellefteå,
Tel: +46 910 58 53 00, Fax: +46 910 58 53 99, E-mail: petteri.torniainen@ltu.se, ola.dagbro@ltu.se 
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degradation of polysaccharides and hemicelluloses as they can bond water in cell wall 
and are greatly influenced by the process. This degradation process leads to formation 
of products that interact less with water but also to evaporation and leaching during the 
heat treatment. It is well known that cellulose in wood contributes considerably to its 
mechanical properties. Sundqvist et al. (2006) found that treatments for birch at 180°C 
for 1 to 2.5 hours reduced strength and hardness significantly. Losses in mechanical 
properties can be linked to the mass loss and increase in formic and acetic acid 
concentrations. Time and especially the heat-treatment temperature have a significant 
influence on changes in colour. It has been shown that hygrothermally treated birch has 
a rapid decrease in lightness early in the heat treatment process and at fairly low 
temperature between 160°C and 180°C 
 
 

MATERIAL AND METHODS 
 

Raw material and processes 
 

Wood specie used in this study was Silver Birch (Betula pendula) from Eastern part of 
Finland. Birch was through and through sawn and seasonally dried and then further kiln 
dried in vacuum to moisture content approximately 12%. The drying temperature was 
kept fairly low in order to avoid any type of discoloration. After kiln drying the 4 – 4.5 
meter long and 32 mm thick boards were cut into three parts. One part was used as a 
reference, second and third parts were thermally modified in superheated and saturated 
steam respectively. Number of boards in each batch was 20. Density of untreated wood 
was 543 kg/m3 as an absolute dry. Superheated modification was carried out in a typical 
kiln drying chamber. The process is commonly known as a Thermowood® process. The 
process is using steam as a heat transfer medium and an inert blanket to limit oxidative 
processes. Normally in Thermowood process the treatment temperatures are varying 
between 180°C-215°C. Treatment temperature used in this study was 185°C having two 
hours duration in maximum temperature. These treatment parameters meet the 
requirements set for class Thermo-S. The process using saturated steam is carried out in 
a pressurized (5-8 bar) autoclave cylinder while the process using superheated steam is 
operating all the time at normal atmosphere in a typical drying chamber. There is not 
any particular, intensive drying phase during the process. Process is semi-closed having 
a possibility to release pressure if necessary. Treatment temperature used in this process 
was 160°C having one hour duration in maximum temperature. 

 
Test methods 

 
Colour measurement 

The colour of wood was measured from planed and defect free surface. There were 
three measurement points in each sample, taken into consideration the whole width of 
the board.  The shown value is the average from these measurements. The colour 
measurement device used was Minolta Chroma Meter CR210. It measures the colour in 
a three dimensional colour space according to CIE L*a*b* system and standard. L*a*b* 
colour space uses rectangular coordinates.  In this colour space, L* indicates lightness 
varying between L*= 0 (black)...L*=100 (white), a* and b* are the chromaticity 
coordinates.  In chromaticity diagram a* and b* indicate colour directions: +a* (red) 
direction, -a* (green) direction, +b* (yellow) direction, and –b* (blue) direction. 
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Equilibrium moisture content (EMC) 
EMC was determined in conditioning chamber with constant 20oC temperature and 
three different relative humidity (RH) settings; RH 35 %, / RH 65 % / RH 85 %. Size of 
the samples was 200 (l) x 100 (w) x 20 (t) mm. All the tested batches had 22 samples. 
The final moisture content was determined by using oven dry method.   

Dimensional stability 
Dimensional stability was determined in same conditions as EMC tests. Dimensions of 
the samples were measured in longitudinal, tangential and radial direction. The results 
are expressed as a swelling percentage (%) and then compared to absolute dry (0%) 
dimensions. 

Acidity (pH) 
The samples for the tests were milled from defect free boards. The saw dust (1g) was 
mixed with 20 ml water solution with 3% NaCl and put in ultrasonic bath for 120 
minutes. The pH was measured with pH meter Metrohm 744. Titration of acid 
equivalents in the solutions was performed with sodium hydroxide (NaOH) 0.01002M. 
Measurements were repeated after 24 and 96 hours before the solutions were finally 
neutralized. 

RESULTS 

Colour measurements (L*a*b*) 

The colour measurements showed that both the treatments result in significant L*-value 
decrease (Fig. 1). The average L*-value of saturated steam treated birch was 52.7. The 
L*-value of birch treated in superheated process was 2.8 L*-units lighter even though 
process temperature was 25°C higher. No colour difference was observed when outer 
and inner surfaces from each sample were measured. Difference in a*-value between 
the treatments was 1.6 units, indicating slightly more redness after process in saturated 
steam. Difference less than 0.2 units in b*-value was observed. 

Table 1. The average colour L*a*b*-values and standard deviation (std). 
L* std a* std b* std 

Reference 80.92 0.97 4.41 0.39 17.01 1,1 
Superheated 185°C 55.48 2.15 8.19 0.32 19.89 0.67 
Saturated 160°C 52.72 2.20 9.81 0.82 19.73 1.28 
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Fig. 1. The colour L*-values and standard deviation (std). 

 
 

Equilibrium moisture content and dimensional stability
 
EMC of untreated birch in RH 85% was 15.2%. The difference to birch treated in 
saturated steam was 5.0% and even bigger compared to birch treated in superheated 
steam 6.8%. Dimensional stability was determined by measuring dimensions of samples 
in three different relative humidity conditions. This test showed that birch treated in 
superheated and saturated steam performed similarly in all RH (Fig. 2).  
 

 
Fig. 2. Equilibrium moisture content and volume change at T=20°C and three different 

relative humidity conditions. 
 

Acidity 
 
The pH of birch treated in saturated steam (pH 2.90) was lower than the pH of birch 
treated in superheated steam (pH 3.54). As presented in Table 3. acid content of birch 
treated in saturated steam was more than three times higher than in superheated steam 
treated birch.     
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Table 3. Measured pH, consumed alkali during titration and acid contents (mainly 
acetic acid) of thermally modified birch. 

Sample pH 
Consumed alkali, 

NaOH [ml] 
(Acetic) acid 
content* [%] 

Saturated 160°C 
2.9
0 

43.2 
2.90 

Superheated 185°C 
3.5
4 

15.7 
0.97 

Reference 
4.0
3 

- 
0.39 

*Acetic acid content was determined on the rough assumption that most of the titrated
acid equivalents arise from acetic acid 

DISCUSSION 

There is only small L*a*b* colour value difference between birch treated in saturated 
steam at 160°C and superheated steam at 185°C. The difference is less than three units 
in lightness (L*) and 1.5 units in redness (a*).  EMC of thermally modified birch with 
both the treatment methods was significantly lower than EMC of untreated birch. The 
difference in EMC between untreated and thermally modified birch increases with 
higher relative humidity (RH). Birch modified in saturated steam at 160°C is clearly 
more acidic compared to birch modified in superheated steam at 185°C. Some 
preliminary bending strength and Brinell hardness tests were carried out as well. 
Reduction of bending strength is bigger than expected in saturated steam process. This 
might have the consequence that the heat treatment temperature should be decreased 
and the operating moisture content of wood optimized. Any significant difference in 
hardness was not detected.   

CONCLUSIONS 

Both the thermal treatments carried out in either superheated or saturated steam in this 
study result in several positive properties. First of all improved dimensional stability 
and weather resistance are the desired characteristics. But there are also properties 
which are requiring compromises and optimization regarding the process and 
parameters used during the process. Thermal modification in saturated steam produces 
more acidic birch compared to thermal modification in superheated steam. This might 
have consequences, requiring more research e.g. concerning surface treatment and 
fixation.     
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PRESENCE OF WATER-SOLUBLE COMPOUNDS IN THERMALLY 
MODIFIED WOOD: CARBOHYDRATES AND FURFURALS  

Olov Karlsson,* Petteri Torniainen, Ola Dagbro, Kurt Granlund and Tom Morén 

With thermal modification changes in properties of wood such as 
presence of VOC and water-soluble carbohydrates may occur. Thermal 
modifications under saturated steam conditions (160 oC or 170 oC) and 
superheated steam conditions (170, 185 and 212 oC) were investigated 
by analysing presence of water-soluble 5-(hydroxymethyl)furfural (HMF), 
furfural and carbohydrates in heat treated wood. Influence of thermal 
modifications on Scots pine, Norway spruce and European birch was 
also studied. Furfurals were analysed using HPLC at 280 nm while 
monosaccharides and water-soluble carbohydrates were determined by 
GC-FID as their acetylated alditiols and, after methanolysis, as their 
trimethylsilylated methyl-glycosides, respectively. The amount of furfurals 
was larger in boards thermally modified under saturated steam 
conditions than those treated under superheated steam conditions. 
Generally, more of HMF than furfural was found in the thermally modified 
boards. In process water, in which saturated steam conditions had been 
used, furfural but only traces of HMF were found. Higher content of 
water-soluble carbohydrates was found in boards treated in saturated 
steam than in superheated steam. After modification in saturated steam 
substantial parts of the water-soluble carbohydrates were due to 
monosaccharides but only traces of monosaccharides were found in 
boards treated under superheated steam conditions. 

Keywords:  Thermal; Steam; Superheated; Saturated; Birch; Spruce; Pine; Furfural; HMF 

Contact information:  Luleå University of Technology, TVM, Div. of Wood Science and Engineering, Wood 
hysics, LTU Skellefteå, SE-93187 Skellefteå, Sweden; *Corresponding author: olov.karlsson@ltu.se. 

INTRODUCTION 

Thermal modification of wood in a semi-closed autoclave under steam 
conditions has been proposed as a method to more economically produce durable wood 
products, for use above ground, compared to modification under superheated steam 
conditions. Properties such as durability, colour and acid content of the material 
thermally modified under saturated steam conditions has been studied (Ohnesorge et al.
2009; Dagbro et al. 2010; Torniainen et al. 2011).  

Wood darkens during thermal modification and similar colour formation of 
wood was found for the two types of processes even though the treatment under saturated 
conditions were performed at a treatment temperature that was 40 °C lower than used in 
superheated conditions (Dagbro et al. 2010). Moreover, birch gave a darker material than 
pine and spruce in both treatment processes. We have reported that higher acid content 
could be found in wood thermally modified under saturated steam conditions than under 
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superheated steam conditions and birch was found to give more acid than pine and spruce 
(Torniainen et al. 2011). It is striking also that the strongest smell was obtained for birch 
treated under saturated steam conditions. This indicates that degradation reactions of 
wood components are more prominent under saturated conditions than under superheated 
conditions and that extent of degradation is also related to wood specie.  

Thermal modification of wood leads to a material that is less hygroscopic and 
more dimensionally stable. This has been attributed to degradation of hemicellulose and 
to condensation reactions that hinder uptake of moisture by forming new bonds between 
wood polymers and to degradation of hemicellulose (Alén et al. 2002; Sivonen et al.
2002; Windeisen et al. 2007; Tjeerdsma and Militz 2005). Degradation of hemicellulose 
may take place via formation of soluble carbohydrates and formation of such products 
during thermal modification conditions has been presented (Alén et al. 2002; Windeisen 
and Wegener 2009). Further degradation of polyoses without formation of 
monosaccharides during heat treatment of wood has been proposed (Sandermann and 
Augustin 1963). Furans can be degradation products from carbohydrates and furfural and 
5-(hydroxymethyl)furfural (HMF) have been found during thermal treatments of wood 
(Fengel and Wegener 1989; Alén et al. 2002; Peters et al. 2009). Furfurals have a nutty 
smell and can together with other compounds such as maltol contribute to the odour 
emitted from heat treated wood (Miller 1998). At room temperature furfural is in liquid 
state and is also a relatively volatile compound that contributes to the smell of VOC 
emitted from thermally modified wood during processing but also from end products. 
Furthermore, furfural is also a reactive compound and turns from a colourless liquid to a 
black liquid as well as into a black precipitates on standing in air probably involving 
condensation reactions (Dunlop and Peters 1953; Gandini and Belgacem 1997).   

We wanted to study the formation of furfural and HMF in the wood that comes 
out from thermal modification under superheated and saturated conditions as it could 
influence the smell and colour formation of the thermally modified wood products. It is 
also of interest to characterise and estimate the amount of soluble carbohydrates that 
could be produced in the processes as well as whether or not hemicelluloses are degraded 
via formation of monosaccharides. Presence of such compounds could act as nutrients for 
microorganisms such as mould (Sehlstedt-Persson et al. 2011; Karlsson et al. 2012). 

MATERIALS AND METHODS 

Materials 
Thermal modification of Norway spruce (S), Scots pine (P) and European birch 

(B) was performed under saturated (SA) and superheated (SU) steam conditions (see
Dagbro et al. 2010). Thermal modification under SA conditions was performed at
treatment temperatures at 160 and 170 °C and under SU conditions at 170, 185 and 212
°C. The following materials were analysed: 160BSA, 170BSA, 170SSA, 170PSA,
185BSU, 170BSU, 212PSU and 212SSU.

Leaching of thermally modified wood 
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Wood was milled in a Wiley mill and sieved (0.5 mm). 1.00 g of dry wood was 
mixed with 60 ml of water, treated in ultrasonic bath for one hour and left while magnetic 
stirring over night in a closed vessel. Mixture was filtered and collected mother liquor 
was stored in freezer until further analysis. 

Analysis 
Dry material weight in leachates was estimated by evaporating a specified 

volume leachate and drying until constant weight in a desiccator. 
HPLC: Filtered water solution (50 m) was analysed by HPLC at 60 °C 

equipped with a Water Hi-plex Pb-column (8 m and 250x7.7 mm) using water as eluent 
at a flow of 0.3 mL/min. Furfural and HMF were detected with UV-detector operating at 
280 nm. A Varian prostar autosampler (model 410), equipped with a 10 L loop, was 
used and quantitative estimations were made by comparison with calibration curves of 
individual compounds. 

GC: Analysis was performed after methanolysis of dried extracts according to 
Bertaud et al. 2002. Separation was performed on a fused silica column CP-SIL 5 CB 
low bleed (30 m x 0.25 mm x 0.25 m). The injector was 280°C and the temperature of 
FID was 330°C. Helium was used as a carrier gas, flow 1.26 ml/min, split ratio 1:30 and 
the temperature program was: 50°C for 1 min, the temperature being increased by 
10°C/min up to 300°C.Analysis of acetylated alditols without prior hydrolysis was 
performed using 2-deoxygalactose as inner standard (Theander and Westerlund, 1986).   

GC-MS: Methanol extract from spruce thermally modified under saturated 
conditions at 170 °C was analysed directly without derivatisation. Analysis of dried 
extract was performed on a fused silica column SLB- 5 ms (25 m x 0.25 mm x 0.25 m). 
The injector was 250°C and the temperature of FID was 280°C. Helium was used as a 
carrier gas, splitless mode and the temperature program was: 50°C for 3 min, the 
temperature being increased by 3°C/min up to 250 °C. Electron impact (EI) was used. 
The mass spectrometer was calibrated with perfluorotributylamine (PTFBA). 
HMF was identified by comparison with reference substance as well as confirmed by 
NIST library: m/z 126 (M) as well as fragments M-15, M-29 and M-57. Vanillin was 
confirmed by NIST library: m/z 152 (M) and fragments, M-1, M-15, M-29 and M-43. 

RESULTS AND DISCUSSION 

Furfurals from leaching of thermally modified wood 
Furfural and 5-(hydroxymethyl)furfural (HMF) are volatile degradation 

compounds that are formed from heat treatment of carbohydrate containing materials 
such as wood (Fengel and Wegener 1989, Peters et al. 2009). HMF and furfural can be 
dissolved in water and have strong UV-absorption at 280 nm (in fact absorption 
coefficient is about ten times stronger than for phenols such as lignin). Water-leachate 
from thermally modified wood samples were analysed using HPLC at 280 nm. In figure 1 
chromatogram from birch thermally modified at 170 °C in saturated steam is presented.  
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   Elution time (min.)

Fig. 1. HPLC (280 nm) of water-extract from birch thermally modified under saturated steam 
conditions at 170 °C (170BSA).   

Two fairly symmetric peaks eluting at 18.4 min. and 25.8 min. can be seen. 
From comparison with reference compounds the larger peak was attributed to HMF 
whereas the smaller one was attributed to furfural. Identification of compounds in minor 
absorptions at 16.6 min and 15.2 min was not performed (Fig.1). From analysis with 
HPLC generally much more furfurals (HMF and furfural) were found in leachates from 
wood thermally modified under saturated steam (SA) at 170 °C than under superheated 
(SU) steam conditions (Table 1).  

HMF is formed from sugars constituted of hexoses such as glucose and mannose 
and content of glucomannans is much higher in pine and spruce than in birch. Highest 
yield of HMF was found in the softwood samples especially for those modified under SA 
conditions (Table 1). We have found that colour formation and presence of acid in the 
wood under SA conditions were larger than under SU conditions (Dagbro et al. 2010, 
Tornianen et al. 2011). Presence of acids could catalyse the hydrolytic degradation of 
wood components to compounds like furfurals. During steam treatment of aspen wood 
addition of alkali has been found to decrease the amount of formed furfural (Li et al.
2005). However, it could not be ruled out that during modification under SU-conditions 
formed furfurals are removed to a higher extent than at SA-conditions; presence of HMF 
and furfural in birch treated under SU-conditions seemed to be higher at 170 °C than at 
185 °C (Table 1).  

As can be seen in Table 1, furfural was found in much lower amounts than HMF 
but was significantly higher in modified birch (170BSA) than in modified spruce and 
pine (170SSA and 170PSA).  

Table 1.  Presence of HMF, Furfural in Water Leachate and Content of Dry 
Material in Evaporated Water-Leachate From Thermally Modified Wood.  

Treatment conditions Content on dry wood (%)* 
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Heat 
transferring 
media  

Wood 
specie 

Treatment 
Temperature 
(°C) 

HMF Furfural Dried 
Leachate 

Saturated 
steam (SA) 

Birch 160 0.087 0.031 14.2 

SA Birch 170 0.266 0.071 7.2 
SA Spruce 170 0.792 0.048 6.0 
SA Pine 170 0.586 0.029 6.5 
Superheated 
steam (SU) 

Birch 170 0.024 0.022 2.4 

SU Birch 185 0.013 0.010 3.3 
SU Spruce 212 0.059 0.17 2.8 
SU Pine 212 0.035 0.10 2.9 
*Duplicate analysis was performed for each data.   

It is rather surprising that much more HMF than furfural was found in treatments 
with birch as the content of pentose-rich xylan is much higher than glucomannan in birch. 
Evaporation but also degradation or polymerisation to water-insoluble compounds could 
be possible explanations. Analysis of process water from thermal modification of mainly 
pine under SA conditions with HPLC showed, however, presence of substantial amounts 
of furfural and only traces of HMF. This suggests that extensive formation of furfural 
takes place during the thermal treatments under SA conditions and that considerable 
amount of formed furfural is evaporated during this thermal treatment. In birch boards 
treated under superheated steam conditions presence of HMF and furfural was rather 
similar but relatively more of HMF was found in the softwood boards (Table 1). 

When the water-leached material in birch treated under SA conditions at 170 °C 
was further leached with methanol and analysed with HPLC neither HMF nor furfural 
could be detected. HMF was found by analysis with GC-MS in readily amounts in 
methanol extract from spruce treated under saturated steam conditions (170 SSA) without 
previous water leaching (Fig. 2). The fragment pattern in MS was similar with authentic 
compound of 5-(hydroxymethyl)-furfural. Vanillin was also found and is a common 
degradation product from lignin but could have a lignan origin as well. Tentatively 
assigned furan-2,5-dicarbaldehyde in figure 2 could be one of unknown compounds 
eluting before HMF in figure 1 as it should have rather strong UV-absorption at 280 nm. 
In Table 1 also content of dry material in evaporated water-leachates is reported and it 
was found to be higher for SA-treated than for SU-treated ones. Especially SA-treated 
birch at 160 °C gave large amounts of water-solubles (Table 1). As can be seen from 
Table 1, furfurals constituted only minor parts of evaporated material. 
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 Elution time (min.)

Fig. 2. Leachate from thermal modification in saturated steam conditions at 170 °C from spruce 
(170SSA) analysed by GC-MS. HMF and vanillin was confirmed by NIST while maltol, furoic acid
and furan-2,5-dicarbaldehyde were tentatively assigned based on molecular peak and dominant 
fragments. 

Soluble carbohydrates from water-leaching of thermally treated wood
Furfurals can be formed by heat treatments from carbohydrates in wood and the 

rate should be higher for soluble ones with low molecular weight such as 
monosaccharides. Formation of HMF and furfural is mostly due to carbohydrates based 
on hexoses and furanoses, respectively. Presence of nutrients such as sugars and fats can 
increase the rate of mould growth on accessible surfaces leading to aesthical 
disadvantages in for example cladding. We have earlier found (Sehlstedt-Persson 2011) 
that high temperature drying can reduce the visible mould growth on surfaces of spruce 
board to which evaporation of water is directed by double stacking arrangement. Most of 
the saccharides that were enriched during capillary phase were degraded by further 
heating/drying at 130 °C and only slowly at 110 °C (Karlsson et al. 2012).  

In case of thermal modification the situation were found to be more complicated 
and carbohydrates were difficult to analyse quantitatively with the above used HPLC-
system as many peaks overlapped. Furthermore, as soluble carbohydrates probably 
contain those with higher molecular weight, hydrolysis of their glucosidic bonds needs to 
be undertaken before an analysis of the constituting sugar units can be done. Hydrolysis 
of xylan has been reported to be more efficient during methanolysis than by hydrolysis in 
diluted acid (Holmbom and Örså 1993). Total amount of water-soluble carbohydrates in 
the leachates was therefore analysed as their methyl-glycosides after methanolysis with 
GC-FID using sorbitol as internal standard (Table 2).  

The content of soluble carbohydrates during treatment under SA conditions was 
higher than under SU conditions (Table 2). Total amount of methyl-glycosides for pine 
and spruce is about twice under SA conditions than under SU conditions. Ratio of 
methyl-glycosides of glucose to sum of mannose and galactose were higher after the 
former than after the latter treatment which indicates that cellulose could be attacked 
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during SA conditions (Table 2). Such a reaction could lead to strength decrease of the 
thermally modified wood.  

As could be rationalised from Table 2, much more of methyl-glycosides from 
galactoglucomannans than from xylans were present in both SA-treated softwoods. In 
green wood of pine and spruce the ratio between xylans and glucomannans is about (1:2).  
As hydrolysis of glucosidic bond in pentoses during heating is believed to be faster than 
in hexoses, the results indicate that degradation of xylans leading to formation of other 
products than soluble carbohydrates takes place to a higher extent than for 
galactoglucomannan. Such a suggestion could mean that formation of furfural is favoured 
rather than formation of HMF which could be an explanation to the considerable amounts 
of furfural found in the process water as described above. 

Table 2. Carbohydrates from Methanolysis of Water-Leachates from Thermally 
Modified Wood.  

Treatment conditions Monosaccharide in water-leachate on dry 
wood (%) 

Heat 
transferring 
media  

Wood 
specie 

Treatment 
Temperature 
(°C) 

Xylose Glucose Mannose 
and 
Galactose 

Arabinose 

Saturated 
steam (SA) 

Birch 160 9.45 0.60 0.96 0.12 

SA Birch 170 1.54 0.34 0.39 0.02 
SA Spruce 170 0.33 0.78 1.82 0.02 
SA Pine 170 0.24 0.92 1.87 0.01 
Superheated 
steam (SU) 

Birch 170 0.22 0.22 0.21 0.04 

SU Birch 185 0.92 0.16 0.22 0.02 
SU Spruce 212 0.17 0.24 0.84 0.01 
SU Pine 212 0.18 0.26 0.94 0.02 

Interestingly, the amount of methyl-xyloside was much larger when birch was 
treated at 160 °C under SA conditions than at 170 °C (Table 1). This is largely in 
accordance with the content of evaporated water-solubles that were found to be higher in 
boards treated at 160 °C than at 170°C (Table 1). Analysis of monosaccharides as their 
acetylated alditols showed that considerbly smaller amounts of xylose was present in 
water-leachate from treatments at 160 °C than what could be calculated from the 
methanolysis treatment (Fig. 3).  This indicates that most of the carbohydrates in water-
leachate from treatment at 160 °C were from soluble xylans.  

In case of treatment at 170 °C presence of acetylated xylitol and methyl-xyloside 
from methanolysis were more similar and thus considerable parts of the soluble products 
from xylan were due to presence of xylose. However, it  is very likely that at least similar 
amounts of xylans is released at 170 °C implicating that further degradation of 
carbohydrates is accelerated at the higher temperature such as formation of furfural 
(Table 1). This process is probably not only favoured by a higher temperature but also of 
a higher acid content (Torniainen et al. 2011) as has been shown during steam treatment 
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of aspen (Li et al. 2005). It has been reported that some xylans is less reactive than others 
(Carrasco and Roy 1992). Xylans with different reactivity could also contribute to the 
lower content of methyl-xyloside found at the higher temperature.  

As could be rationalised from Fig 3, relatively larger amounts of 
monosaccharides from galactoglucomannan were also found when birch was treated 
under SA-conditions at170 °C than at 160 °C.  

         
Fig. 3. Content of acetylated alditols (AA) as well as methyl-glycosides (MG) from methanolysis in 
water leachates from wood thermally modified under saturated steam conditions: Birch heated at 
160 °C (160BSA) and at 170 °C (170BSA), pine heated at 170 °C (170PSA) and spruce heated 
at 170 °C (170SSA).  

Soluble galactoglucomannans dominated water-soluble carbohydrates in the 
leachates from softwood boards treated under superheated conditions (Table 2). 
However, only traces of acetylated alditols were found in leachates from those softwoods 
boards. This is in sharp contrast to what was found for softwoods treated under saturated 
steam conditions (Fig. 3). This suggests that monosaccharides constituted only small 
parts of the total released water-soluble carbohydrates under superheated conditions and 
that methyl-glycosides found in these leachates were mostly from carbohydrates with a 
degree of polymerisation of more than one (Table 2). Since only traces of 
monosaccharides were found this suggests a rapid reaction once monosaccharides are 
formed or that degradation takes place mainly via other mechanisms. Sandermann and 
Augustin (1963) suggested that thermal degradation of polyoses takes place not via 
formation of monosaccharides but via formation of radicals. Furthermore, Li et al. (2005) 
suggested that less hydrolysis and more of homolytic cleavage reactions take place under 
more neutral conditions during steam treatment of aspen wood. We found considerable 
less amounts of acid in boards from SU conditions than SA conditions (Torniainen et al.
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2011). Formation of radicals in wood during thermal modification and that they increased 
with treatment temperature has been found (Ahaji et al. 2009 and Willems et al. 2010). 
Preliminary results indicated that compounds found in “monosaccharide region” of 
chromatogram after trimethylsilylation were mostly due to monosaccharides for 170PSA 
but mostly due to other compounds for 212PSU.   

CONCLUSIONS 

1. Treatment under saturated steam conditions degraded wood more than treatment
under superheated conditions in terms of formation of furfurals and water-soluble
carbohydrates even though treatment temperature for pine and spruce was about
40 °C lower.

2. Despite that the amount of furfurals was lower for softwoods than for birch it is
necessary to reduce the amount of degradation products and soluble carbohydrates
to favour use of such wood material in various applications. For example
saccharides in surface of thermally treated wood should be important in claddings
due to higher risk of mould growth.

3. Careful control of the moisture content in the wood during the process is
considered to be of large importance as well as to avoid low pH in the wood.  A
reduction in temperature may seem to be straightforward to reduce the amount of
soluble carbohydrates but treatments with birch showed that such carbohydrates
could be present in the material to a larger extent when the temperature was
lowered 10 °C.
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Soluble degradation products in thermally modified wood
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It is well known that by thermal modification, wood products with higher resistance to swelling and higher durability can be 
produced. Detailed knowledge of such properties and how they are related to process conditions are still lacking. 
Characterization of chemical changes going on in wood during thermal modification processing as well as formation as 
soluble material is therefore of great interest. In this paper, we will present results from studies on extracts isolated from birch 
and spruce treated at superheated (Thermowood) and at pressurized/saturated steam (WTT) conditions. 

Silver birch (B) and Norway spruce (S) was thermally modified at superheated conditions at 170, 185 and 212°C  (SU170, 
SU185, SU 212) as well as with pressurized and saturated steam (160-170°C) in a mainly closed process (SA160, SA170) [1].
Wood meal from treated wood was soaked in water (1:30) over night, filtered off and percentage weight of dried extract per 
dry wood was calculated [2]. Water extracted wood was further extracted in methanol in a similar way and yield of extracted 
material based on starting amount of dry wood was calculated. Analysis of UV-absorbance of water and methanol extract 
diluted in water (10-50 times) at 280 nm was performed. Difference UV-spectrum was obtained by comparison of UV-
absorption spectra of diluted extract with corresponding diluted extract at pH 12.

In Table 1 content of dried material in extracts from thermally modified wood is presented. In our experiments less soluble 
material was found in the wood modified under superheated steam conditions than in the other type of process (Table 1). This 
indicated that degradation of wood was lower in wood treated under superheated than under saturated steam conditions. 
Similar lightness color coordinates have been observed for spruce modified under saturated at 170°C (L*=55.1) and at 
superheated steam conditions at 212°C (L*=51.6) [1].

Table 1. Content of dried material in extracts as well as content of hydroxymethylfurfural (HMF) and furfural in water 
extracts from thermally modified wood (%)

Extract SA160B SA170B SA170S SU185B
SU212S

Water 14.2 7.2 6.0 3.3
2.8

Methanol 4.9 10.4 2.6 2.1 2.2
--------------------------------------------------------------------------------------------------------------------------
HMF 0.087 0.266 0.792 0.013

0.059
Furfural 0.031 0.071 0.048 0.110

0.017

With the exception of birch treated under saturated steam conditions at 170°C, smaller amounts of methanol extractable 
material was left after extraction with water than the amount of material removed by water extraction (Table 1). Soluble 
carbohydrates mostly of oligomeric type have been found in the water extracts [2]. Water extract isolated from birch 
modified under saturated steam conditions in our experiment contained more soluble carbohydrates at 160°C (SA160B) than 
at 170°C (SA170B) [2]

Degradation products, hydroxymethylfurfural (HMF) and smaller amounts of furfural were found in the water soluble 
material (Table 1) [2]. Content of furfurals were highest in spruce treated under saturated steam conditions (SA170S). This is 
probably due to the higher content of hexosans in spruce than in birch which preferably give hydroxymethylfurfural on 
heating and that the conditions here were more severe under saturated than superheated steam conditions.

Furfurals have strong UV-absorption at 280 nm and it could be seen that UV-absorptions at 280 nm in water extracts was 
strongest in case of spruce modified in saturated steam (Table 2). By obtaining difference UV-spectrum absorptions from 
phenolic compounds can be studied at 250 nm.3 Phenolic compounds contributed also to the observed absorption in UV-
spectra (280 nm), especially birch treated under saturated steam conditions (Table 2). 

Methanol soluble material from modified wood after water extraction was more colored than corresponding water extracts. It 
can be seen in Table 2 that UV-absorption at 280 nm, except for Thermo-D of spruce (SA170S), was stronger in the 
methanol extract than in the corresponding water extract even though neither HMF nor furfural was found in methanol by 
analysis with HPLC. By using difference UV-method, results pointed to that content of soluble phenolic compounds was 
larger in methanol than in water extracts (Table 2). 
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Table 2. UV-absorption at 280 nm and at 250 nm in difference UV-spectra in water and methanol extracts per gram dry 
wood

________________________________________________________________________________
UV-method Extract SA160B SA170B SA170S SU185B SU212S

280 nm Water 0.47 0.92 1.30 0.28 0.28
280 nm Methanol 0.83 2.27 0.55 0.33 0.46
--------------------------------------------------------------------------------------------------------------------------
250 nm (diff) Water 0.35 0.38 0.09 0.12 0.09
250 nm (diff) Methanol 0.55 0.89 0.14 0.15 0.21

It could be concluded that thermal treatment under saturated steam conditions in this investigation gave more of soluble 
degraded material than under superheated conditions especially for birch. Careful control of process parameters is necessary 
to reduce degradation reactions during pressurised/saturated steam conditions such as in the WTT-process. Moisture content 
was relatively high (MC ca. 15%) during the modification of wood with saturated steam and should be avoided. 
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Industrial Validation of the Relationship between Color 
Parameters in Thermally Modified Spruce and Pine 
 
Petteri Torniainen,* Diego Elustondo, and Ola Dagbro 
 

Thermal modification causes the darkening of wood throughout its cross-
section because of chemical changes in the wood. After treatment, 
naturally light wood species look darker or even tropical, depending 
predominantly on the treatment temperature and processing time. This 
study investigates the suitability of using color measurement to determine 
treatment intensity at the industrial scale. The color was determined using 
the L*, a*, and b* color space, also referred to as CIELab, and the 
relationship between lightness (L*) and the color parameters (a*) and (b*) 
was investigated for thermal modification treatments at 190 and 212 °C. 
The wood species studied were pine (Pinus sylvestris L.) and spruce 
(Picea abies L.). The results showed that yellowness (+b*) and redness 
(+a*) had a significant prediction ability for class treatments at 190 and 
212 °C, respectively. After treatment, there were no noticeable differences 
in color between the species, but sapwood was darker than heartwood in 
both untreated and thermally modified wood. The thickness of the boards 
had a proportionally darkening effect on the color values. 

 
Keywords:  Thermal modification; Color measurement; CIELab; Quality control; Scots pine;  
Norway spruce 
 
Contact information: Luleå University of Technology, Division of Wood Science and Engineering, SE-931 
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INTRODUCTION 
 

The thermal modification of wood implies the use of heat to improve the tolerance 
of wood to different environmental conditions (Viitaniemi and Jämsa 1996). In Europe, 
industrial methods for the thermal modification of wood have been developed in Finland 
(Viitaniemi 1997), the Netherlands (Boonstra and Groeneveld 1998; Militz and Tjeerdsma 
2000), France (Dirol and Guyonnet 1993; Weiland and Guyonnet 1997; Vernois 2000), 
Germany (Sailer et al. 2000; Rapp and Sailer 2000), and Denmark (Ohnesorge et al. 2009). 
In general, thermal modification weakens some of the mechanical properties of the wood 
but increases its dimensional stability and biological durability without the need to add any 
chemicals or biocides into the wood (Rapp 2001). 

Thermal modification also darkens the color of wood. The formation of the darker 
color is related to the degradation processes that take place during thermal modification. 
Studies have shown the importance of radicals to the formation of color (Sivonen et al. 
2002). High correlations between color and the degradation of hemicellulose and lignin 
have also been found (Esteves et al. 2008). Furthermore, González-Penâ and Hale (2009) 
found correlations with both types of softwood hemicelluloses, namely, glucomannan and 
xylan. Both temperature and treatment time have an effect on the wood color (Schneider 
1973). It has also been reported that color formation is affected by the presence of air during 
the thermal modification of pine and eucalypt wood (Esteves et al. 2008), and by humidity 
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during the thermal modification of spruce at 200 °C (Bekhta and Niemz 2003). There are 
also natural color differences between wood of the same species (Boonstra et al. 2006). 
 Thermally modified wood at industrial-scale volumes was introduced to the 
European market in the late 1990s, and the market share of this product has been growing 
ever since (Anonymous 2014). Over time, appropriate standards and test methods for 
industrial-scale quality control were needed (Brischke et al. 2007). Early studies have 
shown that color measurement can be used for quality control. For example, Sullivan 
(1966) gave an overview of wood color measurement and investigated various influencing 
factors. Other studies have shown a relationship between color measurements and the 
different properties of thermally modified wood. In particular, Brischke et al. (2007) found 
that there is a linear correlation between the measured color data and the thermal 
modification intensity for spruce (Picea abies L.), pine (Pinus sylvestris L.), and beech 
(Fagus sylvatica L.). 
 Based on this knowledge, the objective of the present study was to develop an 
industrial-quality control procedure based on non-destructive color measurements. 
Thermal modification in industry is certified by measuring the temperature and time of the 
process, which in turn affects the color of the wood. Quality control in this context refers 
to the measurement of wood color as an indirect measure of treatment intensity. Brischke 
et al. (2007) stated that measuring wood that was ground by milling resulted in fewer color 
variations than measuring the surfaces of solid wood; thus measurements of ground wood 
are recommendable for obtaining results with a higher statistical significance. The method 
proposed in this study, on the other hand, was designed to be performed on the external 
surfaces of the wood; thus six locations were measured from each board to compensate for 
the natural color variations. 

It is important to clarify that most of the results reported in this manuscript are not 
novel from the scientific standpoint. For example, de Cademartori et al. (2014) recently 
summarized possible causes for color changes in thermal modification and compared 
results between L*C*h and L*a*b* color scales. However, thermal modification is a highly 
empirical science, and industrial implementation involves uncontrolled variables that are 
not present in laboratory conditions. This study is also intended to confirm that color of 
thermally modified wood is also measurable and predictable in industry within ranges of 
error that are acceptable for a commercial application. 
 
 
EXPERIMENTAL 
 
Materials 
 This study was performed using the ThermoWood® process, which is a registered 
trademark owned by the International ThermoWood® Association (Anonymous 2008). 
Two treatment classes were defined in 2002, namely, Thermo-S treated at 190 °C and 
Thermo-D treated at 212 °C. The letters S and D indicate “stability” and “durability,” 
respectively, based on the recommended applications according to EN 335 (2013): Use 
classes 1 and 2 for Thermo-S and use classes 1, 2, and 3 for Thermo-D. 
 The color data for this study were acquired at the MetsäGroup Kaskinen production 
plant in Finland between 2011 and 2013. The wood species used in this study were Norway 
spruce (Picea abies L.) and Scots pine (Pinus sylvestris L.) harvested in Finland. The 
boards were dried in conventional kilns before thermal modification to average moisture 
contents between 15% and 18%, and they were subsequently thermally modified in two 
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identical 100 m3 treatment chambers. 
 Wood color was measured with a Minolta Chroma Meter CR310 (Konica Minolta 
Sensing Inc., Japan). The Minolta Chroma Meter measures color in a three-dimensional 
space described by lightness (L), chroma/saturation (C), and hue angle degree (h). The data 
were subsequently converted into the L*, a*, b* color space by performing L* = L, a* = C 
cos(h), and b* = C sin(h). The L*, a*, b* color space (also referred to as CIELab) is one of 
the most popular color spaces and is widely used in virtually all fields (Minolta 1996). In 
this color space, L* indicates lightness, and a* and b* are the chromaticity coordinates. In 
simple words, the color changes from green to red as a* increases from −a* to +a*, and 
the color changes from blue to yellow as b* increases from −b* to +b*. 
 
Methods 
 The results of this study were compared with the current European technical 
specifications for thermally modified wood described in the first available standardization 
document CEN/TC 175 (Scheiding et al. 2007). The current requirements for the Thermo-
S and Thermo-D color are reported in Table 1, which are applicable to both spruce and 
pine: 
 
Table 1. Current Color Guidelines for Thermally Modified Spruce and Pine 

Class L* +a* +b* 
Thermo-S 58–68 8–10 - 
Thermo-D 45–55 - 19–24 

 
 The thermal modification process was carried out in a high-temperature chamber 
using superheated steam without adding any additional chemicals into the wood. The 
manufacturing process used high temperatures and superheated steam. The process was 
carried out in a one-stage system starting with pre-dried timber and finishing with the final 
product. Within that stage, the process consisted of the following consecutive phases: 
Phase 1—Warming-up the wood and kiln (90 to 100 °C); Phase 2—High temperature kiln 
drying (100 to 130 °C) and mild thermal modification (130 to 190 °C); Phase 3—Intensive 
thermal modification for 2 to 3 h at a temperature dependent on the treatment class 
(Thermo-S = 190 °C ± 3 °C; Thermo-D = 212 °C ± 3 °C); Phase 4—Cooling down to 
approximately 80 to 90 °C and reconditioning to a final moisture content between 4 and 
7%; and Phase 5—Final cooling down. 
 The thermal modification process can be controlled by either the temperature of the 
wood or the chamber environment (Dagbro et al. 2010). In the case of this study, the 
treatment schedules were “time-based” and the air temperature was measured at several 
points inside the chamber. Wood temperature was not measured during the process. Table 
2 reports the total number of measured batches sorted by species and treatments (Thermo-
D and Thermo-S), where 5 full-sized boards were randomly sampled and measured from 
each batch: 
  
Table 2. Number of Measured Batches Sorted by Species and Treatments 

 Thermo-S Thermo-D Total 
Spruce 33 21 54 

Pine - 61 61 
Total 33 82 115 
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Table 3 reports the total number of measured batches sorted by board dimensions, 
where treatment classes were distinguished by reporting the Thermo-S batches between 
brackets. The thickness ranged between 22 and 50 mm for both species, while the width 
ranged between 150 and 225 mm for spruce and 77 and 150 mm for pine. In order to 
decrease the process variables, all the treatments were performed using the same thermal 
modification unit. For each class, the same duration and temperature were used during the 
intensive thermal modification stage of the process. The intensive thermal modification 
time in all charges was 180 min. After treatment, the process history concerning 
temperature and time was reviewed to confirm that the batches met the process 
requirements. 
 
Table 3. Number of Thermo-D (D) and Thermo-S (S) Batches Sorted by Board 
Dimensions 

Thickness Width (mm) 
(mm) 77 100 125 132 150 175 200 225 

22     8D + 6S 3D + 2S 7D + 7S 7D + 7S 
25  1D 12D  15D  6D + 3S 6D + 4S 
32  3D 10D  14D   2D + 2S 
38  1D 3D     1D + 1S 
40 4D   3D  1   
41    1D     
50  3D   4D + 1S    

 
The color was measured from boards planed between 2 and 3 mm and with surfaces 

without any visual defects or remarkable discrepancies from normal wood. In the x-log 
sawing pattern (the most common sawing pattern used in Scandinavia), there are usually 
color differences between top and bottom surfaces of the same board. For simplicity, the 
board surface closer to the log pith (bottom) is referred as heartwood surface, and the board 
surface further from the log pith (top) is referred as sapwood surface (Fig. 2). 
 

 
 

Fig. 1. Cross section of board showing the definitions of sapwood and heartwood surfaces 
 

The sapwood and heartwood surfaces were measured in the middle and the ends of 
the boards. This means that there were 6 measuring locations for each board. The diameter 
of the colorimeter measuring area was approximately 50 mm; thus three adjacent 
measurements were averaged at each selected location to account for the entire width of 
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the boards. Figure 2 shows that each reported color value was the average of three adjacent 
measurements covering the entire width of the board surfaces. 
 

 
 

Fig. 2. Procedure for measuring color at one board location 
 

Color was measured on planed surfaces, since otherwise differences from the wood 
under the surfaces increase (Pfriem et al. 2010). Non-planed surfaces may contain different 
types of process impurities, such as resin, tar, stick marks, and cooling water stains. The 
color of non-planed surfaces is therefore different for external reasons, and it does not 
necessarily represent the color achieved by the process. The alternative option of measuring 
color from sawdust or board cross sections gives naturally less variation, but it requires 
destructive sampling. 
 
 
RESULTS AND DISCUSSION 
 

Figures 3, 4, and 5 show the distributions of L*, a*, and b* color parameters, 
respectively, measured for the three classes/species analyzed. The figures show that there 
was a clear difference between the treatment classes Thermo-D and Thermo-S, and the 
majority of the color parameters were well within the ranges reported in Table 1. Figures 
3 and 5 also show that there are not large differences between spruce and pine in the 
measured ranges of color variation. For industrial application, therefore, it is possible to 
accept the same color range of variation (minimum and maximum L* and b* values) for 
both spruce and pine. 
 Figures 6, 7, and 8 compare the distribution of L* measured in the sapwood and 
heartwood surfaces for the three treatments. These figures show that there was a slight 
difference between the sapwood and heartwood surfaces. In all treatments, the L* values 
of the sapwood surface were slightly lower (darker) than those of the heartwood surface. 
This can be explained as a consequence of the sawing pattern. In typical Scandinavian x-
log sawing pattern the annual rings exposed on the sapwood surface are more parallel to 
the external surface than the annual rings exposed on the heartwood surface (Fig. 2). This 
in turn tends to create a darker latewood band in the center of the sapwood surface.  
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Fig. 3. Distribution of L* values compared among class/species treatments 
 

 
 
Fig. 4. Distribution of a* values compared among class/species treatments 
 

 
 
Fig. 5. Distribution of b* values compared among class/species treatments 
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Fig. 6. Distribution of L* values for sapwood and heartwood in Thermo-D pine 
 

 
 
Fig. 7. Distribution of L* values for sapwood and heartwood in Thermo-D spruce 
 

  
 
Fig. 8. Distribution of L* values for sapwood and heartwood in Thermo-S spruce 
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If the color is determined by a single measurement in the middle of the board, then 
the difference between the surfaces would be even larger. From that point of view, it can 
be justified that the whole width is taken into consideration. It should also be decided which 
one of the surfaces is measured. Usually the surface that is exposed to the user in the final 
application is the one that should be measured. 
 Color was also measured in untreated spruce and pine. The results showed that the 
ranges of measured L* values were approximately the same for both spruce and pine. The 
color of untreated wood was also darker in the sapwood than in the heartwood surface. The 
average color parameters measured for treated and untreated wood are reported in Table 4. 
 
Table 4. Color Parameters Measured in Treated and Untreated Wood 

Parameter Thermo-S Thermo-D Untreated 
  Average SD Average SD Average SD 

L* Pine -- -- 47.9 1.9 81.9 2.3 
L* Spruce 61.9 2.3 47.6 1.8 81.3 2.7 

+a* Pine -- -- 10.2 0.2 4.6 1.5 
+a* Spruce 8.7 0.4 9.8 0.2 3.8 1.0 
+b* Pine -- -- 22.5 1.0 19.6 1.7 
+b* Spruce 26.5 0.5 21.9 0.9 18.0 1.5 
L* Sapwood 61.5 2.2 47.3 1.9 81.4 2.5 
L* Heartwood 62.2 2.2 48.4 1.6 82.1 2.5 
L* Center 62.0 2.4 47.9 1.8 -- -- 
L* End 61.8 2.1 47.8 2.0 -- -- 

 
Table 4 shows that lightness (L*) in spruce was reduced from 61.9 at a treatment 

temperature of 190 °C (Thermo-S) to 47.6 at 212 °C (Thermo-D). Table 4 also shows that 
the color of spruce became more red (+a*) and less yellow (+b*) with increased 
temperature, from 8.7 and 26.5 at 190 °C (Thermo-S) to 9.8 and 21.9 at 212 °C (Thermo-
D), respectively. These data confirm that the treatment temperature was a main factor 
determining the color of the thermally modified wood. The thickness of the boards had also 
a slight darkening effect on the wood color. This can be observed in Figs. 9 and 10, where 
the lightness of Thermo-S and Thermo-D wood tended to be reduced proportionally to the 
product thickness. The explanation is that thicker boards were exposed longer times to 
temperatures capable to produce thermal modification. Thicker boards require longer heat-
up times to reach the temperature defined by the thermal modification class, and during 
this heat-up time there is also some degree of thermal modification. This can be observed 
in Figs. 9 and 10, where the lightness of Thermo-S and Thermo-D wood tended to be 
reduced proportionally to the product thickness. From that point of view, a larger range of 
color values must be accepted in order to account for different thicknesses, but no 
distinction between wood species seems to be required. 

The results also confirmed previous studies reporting linear relationships between 
color parameters in thermally modified wood (Brischke et al. 2007; Pfriem et al. 2010). 
This is clearly visible in Figs. 11 and 12, which show the linear relationships between L* 
and a* in Thermo-S spruce and between L* and b* in Thermo-D spruce and pine. The 
coefficients of regression were, respectively, r2 = 0.83 and r2 = 0.73, and the standard 
deviations of the residual error with respect to the linear relationships were 0.82 and 0.80 
for Thermo-S and Thermo-D, respectively.  
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Fig. 9. Lightness (L*) as a function of product thickness in Thermo-S wood 
 

 
 
Fig. 10. Lightness (L*) as a function of product thickness in Thermo-D wood 
 

 
Fig. 11. Relationship between L* and a* values in Thermo-S spruce 
 

y = -0.1067x + 51.182
R² = 0.2708

35

40

45

50

55

25 30 35 40 45 50

Thermo-D Pine
Thermo-D Spruce

Thickness (mm)

Li
gh

tn
es

s L
*

y = -0.228x + 67.483
R² = 0.4264

45

50

55

60

65

70

20 25 30 35 40 45 50

Thermo-S Spruce

Thickness (mm)

Li
gh

tn
es

s L
*

y = -4.5261x + 101.2
R² = 0.8341

52

54

56

58

60

62

64

66

68

7.5 8.0 8.5 9.0 9.5 10.0

Thermo-S Spruce

Color parameter a*

Li
gh

tn
es

s L
*



 

PEER-REVIEWED ARTICLE  bioresources.com 
 

 
Torniainen et al. (2016). “Wood color & heat,” BioResources 11(1), 1369-1381.  1378 

 
Fig. 12. Relationship between L* and b* values in Thermo-D spruce and pine 
 

 
Fig. 13. Relationship between L* and b* values in Thermo-S spruce 
 

 
Fig. 14. Relationship between L* and a* values in Thermo-D spruce and pine 
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It can be said, therefore, that the dark surfaces in Thermo-S tended to be more 
reddish, while the light surfaces in Thermo-D tended to be more yellowish. Regarding the 
other complementary color parameters, Figs. 13 and 14 show no apparent relationship 
between L* and b* in Thermo-S spruce and between L* and a* in Thermo-D spruce and 
pine. 
 
 
CONCLUSIONS 
 

This paper reports results of industrial color measurements from 115 batches of 
thermally modified spruce and pine produced by a certified sawmill. The study did not 
show obvious discrepancies with previous laboratory studies, thus basically confirming 
that color change in thermally modified spruce and pine is measurable and predictable in 
an industrial production facility. In summary, the study confirmed that in an industrial 
scenario:  
 
1. It is possible for quality control purposes to measure the color of thermally modified 

wood from the surfaces of planed boards instead of sawdust or board cross sections 
   

2. There are clear linear relationships between L* and a* in spruce thermally modified at 
190 °C, and between L* and b* in spruce and pine thermally modified at 212 °C  
 

3. The large majority of the measured L*, a*, and b* color values were within the ranges 
of values currently required for certified thermally modified wood 

 
In addition, this study also showed other minor effects that were not previously observed 
in laboratory: 
 
4. There was a color difference between the sapwood and heartwood surfaces, where the 

sapwood surfaces were slightly darker. This was explained by the differences in the 
angle of the annual rings with respect to the board surfaces 
 

5. There is a slight influence of the board thickness in the color of thermally modified 
wood. This was because the process requires a heat-up time to reach the thermal 
modification temperature, and this was adjusted depending on the thickness 
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Successful Academia-Industry Cooperation: How Trust is 
Established in a Wood Products Research and Development 
Alliance 
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Although a high potential, academia-industry alliances often fail and is hard to 
establish in practise. In contrast to industry-industry alliances, the involved 
parties have difficulties to cooperate upon agreed upon goals. This study 
presents an example of a successful research and development alliance between 
university research and a group of small- and medium-sized enterprises (SMEs) 
in the wood products sector in Sweden. The industry group consisted of four 
wood product companies that in 2008 decided to explore the concept thermally 
modified wood. This alliance has been a great example on international 
collaboration involving researchers originating from Finland, China, 
Bangladesh, Spain, Russia and Sweden. In an in-depth multi-year study of how 
the research cooperation developed, this paper report on how the involved 
companies successfully entered into a new segment of the market, and the 
thermal modification process was significantly improved as a result of the 
collaboration. Specifically, the case shows trust to be an important factor for 
why alliances succeeds in academia-industry alliances and how trust building 
positively affected the outcome of the industry-academy alliance.   

 
Keywords: Thermally modified wood, industry academy alliance, trust building 
model 
 

Introduction 
 
Academia-industry alliances (AIAs) differ from industry-industry alliances 
(IIAs) in several important ways. AIAs are typically non-equity arrangements in 
contrast to IIAs where equity sharing is more common. The issue of competition 
is less common between partners in AIAs than in IIAs, and AIAs are largely 
based on complementarity. Firms in AIAs work with universities because 
academia can provide highly trained students, graduates, and faculty, as well as 



advanced testing labs for developing knowledge and technology transfer which 
competitive industrial partners generally are less likely to provide (Santoro & 
Saparito, 2003). Some firms can also enhance their public image by associating 
themselves with a prominent academic institution (Fombrun, 1996). Universities 
often cooperate with industry to support regional growth, deal with practical 
challenges, gain access to applied technological areas and additional funding, 
and support industry research initiatives.  
 
Increasing global competition, new technology emergence, process 
development, environmental challenges and limited resources drive firms to 
continuously develop knowledge and new technologies for long-term survival 
and prosperity. Consequently, potential benefits from AIAs are numerous for the 
parties involved (Lee, 2011), as well as for the regions’ broader innovation and 
economic success (Van Looy et al., 2003). The importance of AIAs is growing, 
but outcomes from the AIA collaboration often fail to materialize.  One of the 
main concerns seems to be that the inter-organizational relationships and the 
necessary trust is difficult to establish in order to get the collaboration to be 
effective. The difficulties seems very obvious when leaving the large company 
sector and entering the sector of small- and medium-sized enterprises (SMEs). 
Santoro and Chakrabarti (2002) saw clear differences between strategies used by 
large companies to perform research and development projects, and the 
strategies used to promote the involvement of traditional small- and medium-
sized enterprises (SMEs) in the innovation process. This study suggested AIA is 
difficult to establish among the academia and SMEs in the industry. In this study 
in particular, we present an example of a successfull alliance between university 
bodies and a group of small- and medium-sized enterprises (SMEs) in the 
Swedish wood products sector. 
 
The case is particularly interesting for several reasons. The forest products 
industry in Sweden is by far the main contributor to Sweden's positive industrial 
commercial balance (net export value). According to Skogsindustrierna 2012, 
the forest products industry in Sweden contributed approximately with 100 
Billion SEK to the net export; without the forest products industry the net 
commercial balance would have been -50 Billion SEK in 2012. Overall, the 
forest products industry accounts for almost 73,000 jobs in Sweden, where 
approximately 11,000 and 17,000 respectively belong to the sawmill and board 
industries. Although a high potential and a prominent role of the wood industry, 



AIAs have been difficult to establish. In fact, a study of Human and Provan 
(2000) suggested that successful cases are rarely found and we need to 
understand more about the factors promoting success for AIAs in the wood 
industry. This is important in order to open up for the introduction of alternative 
research and wood technologies in the industry.   
 
The AIA reported upon in this paper explored the benefits of a wood technology 
called thermal modification. Thermal modification is one of the methods to 
improve the properties of wood materials. It was demonstrated that by exposing 
the wood to temperatures between 170°C to 220°C in absence of oxygen, it is 
possible to modify components of wood that are susceptible to moisture 
absorption and biological degradation in nature. Wood after thermal 
modification becomes much more dimensionally stable, and the durability for 
outdoor applications increases from 5 to 20 years if the wood is not in direct 
contact with the ground (Dagbro et al. 2010).  
 
Thermally modified wood at industrial-scale was introduced to the European 
market in the 1990s,  
and a number of different processes were proposed. Thermal modification can, 
for example, be performed in saturated steam (Boonstra et al. 1998, Militz and 
Tjeerdsma 2000), nitrogen atmosphere (Dirol and Guyonnet 1993, Weiland and 
Guyonnet 1997), and hot oil (Sailer et al. 2000, Rapp and Sailer 2000). The most 
popular production method in Europe is the process commercially referred to as 
Thermowood (Viitaniemi 1996), in which the wood is treated under normal 
atmospheric conditions. When this study started in 2008 the total sales 
production of Thermowood was approximately 75000 m³ and growing steadily 
by approximately 15% per year (ThermoWood production statistics 2014). The 
companies involved in this AIA alliance, however, decided to invest in a 
relatively new technology commonly referred to as WTT (Ohnesorge et al. 
2009), in which the wood is treated in a pressure vessel with steam. The paper 
reports upon how trust was established and secured in the AIA once the alliance 
developed into a successful case. 
 

Materials and Methods 
 
This research is based on a qualitative approach and involvement in a multi-year 
study of long-term research cooperation in the Swedish wood sector. The 



alliance studied involved an industry group in Sweden comprising 4 SME 
companies within the wood industry sector and two academic institutions, 
namely, Luleå University of Technology (LTU) and Swedish University of 
Agricultural Sciences (SLU). The industry representatives involved in the 
alliance were mainly CEOs and R&D Managers. From academia the people 
involved were professors, senior lecturers and PhD students. As stated by 
Siggelkow (2007), this type of in-depth and inside participatory study provides 
details on how industry-academy cooperation contributes to the successful 
process.  
 

Background to the Academy- Industry Alliance 
 
Due to the positive market development for thermally modified wood in Finland 
and the low production in Sweden, four well established wood industry 
companies in northern Sweden formed a joint production company in 2008 to 
invest in a new wood thermal modification plant. The industry group decided to 
invest in a process involving pressurized (~10 bar) thermal modification 
equipment. At that time there were relatively few scientific papers concerning 
that particular technology. This was both a risk and a potential competitive 
advantage with respect to the more well-known thermal modification process 
called Thermowood, which has been extensively investigated and numerous 
scientific reports and research papers were available. 
 
For better understanding, implementation and optimization of this new thermal 
modification technology the alliance incorporated two universities (LTU and 
SLU). For reference, the turnover and number of employees for each of the 
alliance partners are summarized in Table 1, where company 1 to 4 represents 
the four wood product companies that decided to invest in a joint wood thermal 
modification production plant, university 1 and 2 are the academic institutions 
that joined the project, and company 5 is the new joint company created to 
manage the production and sales of thermally modified wood. 
 
 
 
 
 



Table 1: Turnover and number of employees of the partners involved in the 
industry-academy alliance 
 

Partner Annual turnover 
(EUR) 

Employees 

Company 1 629 762 3 
Company 2 79 381 135 204 
Company 3 11 306 390 22 
Company 4 2 234 134 8 
University 1 170 119 866 1 386 
University 2 169 940 704 2 909 
Company 5 55 948 0 

 
 

Historic and Contextual Background of the Technology and the Academia- 
Industry Alliance  
 
Modification of wood by heat has been used for centuries. According to 
promotional information (Tunnicliffe 2008), Vikings used to burn the surface of 
wood to make it more durable in outdoor structures such as fences. Scientific 
studies in heat treatment of wood have been carried out by Stamm and Hansen 
in the 1930s in Germany and by White in the 1940s in the United States. 
Research on heat treated wood continued the following decades when 
Bavendam, Runkel and Buro published their findings in the 1950s, Kollman and 
Schneider in the 1960s and Rusche and Burmester in the 1970s. After thermally 
modified wood was successfully introduced as a commercial product in Finland 
in the 1990s, researchers in Sweden became interested in increasing the 
knowledge and potentially encouraging the development of the same product in 
Sweden. This interest resulted in a new collaborative research project between 
universities in Sweden and Finland, called the BITWON project. The BITWON 
project was carried out between 2005 and 2007, where the expected outcome 
would be increased scientific knowledge in both the process and material 
properties of thermally modified wood. This project involved the collaboration 
between universities in Finland and Sweden, and wood product companies from 
both countries were invited to participate in the project. Finnish companies were 
interested in promoting their new product while Swedish companies were more 
interested in learning about it. 



 
As a result of the BITWON project, the two participating universities in Sweden 
were convinced of the potential of this product and were interested in promoting 
the technology. University representatives contacted wood product industries in 
Northern Sweden that were suitable for implementing such technology. Already 
in 2006, Swedish companies, some of which were involved in the BITWON 
project, started conversation with academy for exploring the possibility of 
introducing the technology in Sweden. By 2007, an informal industry/academy 
pre-alliance was established to evaluate this possibility. The same year the 
industry group received the assistance of the university to investigate the market 
potential for thermally modified wood, as part of the ongoing BITWON project. 
 
Following these previous activities, the industry group in 2008 decided to invest 
in a new production plant for thermally modified wood. This resulted in the 
establishment of a new joint production company owned by 4 already 
established wood product companies in Northern Sweden. In connection with 
this decision, the university researchers started to plan a new research project 
associated to this enterprise. The main objective was to assist the industry in 
evaluating process performance and product quality for the selected thermal 
modification technology, which was recently introduced into the market and was 
not completely investigated by academic research institutions. The research 
team involved two universities and funds were granted in 2009. 
 
Sales of thermally modified boards in this study started approximately at the end 
of 2009, and very quickly the product gained notoriety in the Region. One 
example of added value products produced from these thermally modified 
boards was a garden product which was awarded the “Garden Product of the 
Year” recognition in 2010 by the "Elmia Garden" dedicated trade show. The 
Elmia Garden trade show is one of Europe's most important international 
meeting points for industry working in the garden retail as well as parks and 
land development (Elmia Garden, 2015), and provided media promotion for 
thermally modified wood which had not been a very well-known product in 
Sweden at that time. 
 
As the project moved forward, the process became more stable and both 
production volumes and quality steadily increased. Between 2011 and 2012 the 
process and quality of the products reached the satisfactory levels of 



consistency. In 2012 university students started a spin-off company for 
producing new innovative consumer products based on thermally modified 
wood. The company gained considerable media coverage as it was awarded 
three prices for innovation and entrepreneurship. In particular, a computer bag 
made of heat treated wood has been selected for the prestigious award "The 
Kairos 50". The 50 most innovative student companies in the world were elected 
for this award, and the award ceremony took place during the Kairos Global 
Summit at the New York Stock Exchange, the UN building and Rockefeller 
Center (LTU 2012). Table 2 summarizes the key events and activities associated 
to the studied industry-academy alliance. 
 
Table 1: Key events and activities associated to the studied industry-academy 
alliance 
 

Key actors Time 
period 

Description 

Academia 
Industry 
Group 

2005-
2007 

The BITWON project 
 

Academia 
Industry 
Group 

2006-
2007 

Pre-Alliance planning 

Academia 
Industry 
Group 

2007 Academia Group and Industry Group investigate 
market potential. 

Industry 
Group 

 

2008 Industry Group decides to invest in joint 
production plant 

Industry 
Group 

2008 New joint production company set up by Industry 
Group 

Academia 
Industry 
Group 

2009 A new academia/industry development alliance 
established 

Mass Media 2010 Thermally modified wood product wins 
prestigious award, “Garden Product of the Year” 

Academia 
Industry 

2010 Quality control activities result in necessary 
actions 



Group 
Academia 2010 Scientific results published 
Industry 
Group 

2011 Increased sales & improved product quality 

Academia 2011 Scientific results published 
Industry 
Group 

2011/2012 Product quality significantly improved 

Academia 
Mass Media 

2012 University spinoff established, media coverage 

Mass media 2012 Spinoff company wins several awards 
Academia 2013 Scientific results published 

 
 

Results and Discussion 
 
The Academia-Industry alliance has been a successful example on international 
collaboration involving researchers originating from Finland, China, 
Bangladesh, Spain, Russia and Sweden. Two new companies have been 
established, and the already established companies involved in the alliance 
entered new segments of the wood products market and increased their sales. 
Scientific papers were published and presentations were held at international 
scientific conferences. The project media coverage included interviews for 
radio, television, websites and newspapers, and brochures with information on 
thermally modified wood were produced. The thermal modification process has 
been significantly improved, and quality of products has been gradually and 
steadily enhanced. Products have been demonstrated at New York Stock 
Exchange, UN Headquarters and at Rockefeller Center, where a university spin-
off student-run company was awarded the international “Kairos 50”-award as 
one of the 50 most innovative new student companies in the world. Thermally 
modified wood products were also awarded the “Garden Product of the Year” in 
2010, granted by the Elmia Garden.  
 
In this alliance the industry and academy partners had different but 
complementary expectations and measures of success (outcomes): 
 



o Industry outcome: Successful implementation of the technology in their 
facilities, a better understanding of the process and materials, and profitable 
entry in the business of thermally modified wood with full return of the 
investment 

o University outcome: A better understanding of the process, opportunities for 
research and development, and research results that could be published in 
scientific journals  

 
In other words, the main mutual gains for having this collaboration was 
achieving a better understanding of the process and materials that would benefit 
both the industry by being able to produce a lower cost and higher quality 
product, and the university by being able to continue developing the research 
subject.  
 
What was observed during the research was that trust and the trust building 
process were pronminent in this AIA, something that has been previously 
discussed as a main factor causing success or failure of cooperative alliances 
more generally. Research on trust has been carried out for many decades.   
The value of trust has been investigated in many inter-organizational 
arrangements, but there have been limited interest in investigating trust within 
the context of industry-university collaborative ventures and the interest of the 
wood sector is very limited. Trust in this context is the belief that there is 
goodwill and competence in both sides to work together in implementing the 
process (mainly industry role) and evaluating the quality of the produced 
material (mainly university role). Another dimension of trust in this project is 
credibility, as the companies where first introduced to the concept of thermally 
modified wood by the academic partners, and likely therefore influenced to 
some degree the industry decision to invest in this commercial enterprise.  
 
Figure 1 presents the main factor behind the success of the alliance. The reason 
is that it is a effective and resource low investment of managing risks in the 
AIA. Similar to Das & Teng (2001), trust was the main process behind success. 
The framework presented in Figure 1 suggests that trust and control are two 
separate routes to risk reduction in alliances. While trust can be seen as a more 
intrinsic source for lowering the perception of risk, control may be viewed as a 
more obvious and active way of reducing risk. The two can and should be 



combined in specific ways for best risk management results. However, we 
concentrate the results on the trust linkage. 
 
As illustrated in Figure 1, trust will likely lead to managing risk-taking in a 
relationship. Trust will also likely result in a lower level of control, which is 
costly. In following the case, it was observed that there are many other factors 
identified as related to the building of trust. For example, a vital component for 
trust building is communication between industry and academia. This also 
means a continuous, frequent flow of communication and clear messages 
influences the trust building process in a positive way. Frequent information 
sharing and interaction positively influence the level of trust between academia 
and industry partners. In addition, it is necessary to have a mutual understanding 
between academia and industry. Good interpersonal relationships between the 
participants reduce conflicts and misunderstandings when it comes to the 
reasons for each party to engage in a long-term collaborative alliance. In a multi-
year collaborative partnership it is of great importance that all involved parties 
are honest during the project, as honesty is closely linked to communication. 
 
The AIA case also reports the image and reputation of the academic partners is 
also very important for industry representatives. If the scientists have a proven 
track-record of internationally recognized top-class research, trust is positively 
affected. Trust is clearly influenced in a positive way if the involved parties are 
highly skilled and they have competence in their field. In addition, it takes time 
to build trust between parties. If a previous joint project was successful for both 
academia and industry, then any subsequent project will start at a higher level of 
trust. The above and other factors affecting trust building in the studied industry-
academy alliance are shown in Fig.1,which is elaborated upon below. 



 
Figure 1: Main factors affecting trust building in the industry-academy alliance 
 
 

Understanding 
 
It was clear that the alliance agreements between academy and industry were not 
legally binding but rather based on mutual understanding. There was no conflict 
of interest or misinterpretations when it came to the reasons and motivations for 
each party to engage in a long-term collaborative alliance. This mutual 
understanding positively influenced the trust building process. Reasons and 
motivations were made clear from the beginning and they remained unchanged 
throughout the progress of the project. It is impossible to know if the 
arrangement was more efficient than signing legal contracts, but in this 
particular case there were not any legal confrontations.     
 

Honesty 
 
In this multi-year collaborative partnership it was of great importance that all 
parties involved were honest during the project. Participants were honest in the 



fact that industry and academy had different but complementary expectations. 
Industry was mostly interested in achieving a profitable entry in the business of 
thermally modified wood with full return of the investment, while academy was 
mostly interested in finding new opportunities for research and development, 
and producing research results that could be published in scientific journals. 
Honesty facilitated communication between academia and industry. Industry 
and academy representatives had regular discussion meetings to assess the status 
of the project, and academy representatives helped to evaluate the process 
performance and product quality. 
 

Communication 
 
A vital component for trust building was communication between industry and 
academia. According to Forbes (2014), a continuous frequent flow of 
communication and clear messages influence the trust building process in a 
positive way and this was verified also in this particular study. Communication 
was carried out through regular physical meetings mainly at the companies' 
facilities, as well as telephone conferences and e-mails. There were 
approximately six to eight meetings per year including both physical and 
telephone conferences, which involved approximately three to five people from 
academia and five to six people from industry. In total, 10 people from academia 
participated in the project and 8 people from industry.  
 

Time 
 
Trust building takes time, as a successful interaction in the past increases the 
levels of trust for a subsequent interaction in the future. In the case of the studied 
alliance, the main professor involved in the project had a long standing 
relationship with the industry representative that was mainly involved in the 
implementation of the technology. The rest of the industry representatives were 
also closely connected as they knew each other personally from previous 
business interactions. In addition, academy and industry were previously 
involved in the BITWON project, which was a multinational collaboration 
project with the purpose of increasing scientific knowledge on thermally 
modified wood. 
 



Competence 
 
Trust was clearly influenced in a positive way because the involved parties were 
highly skilled and competent in their fields. Industry participants had 
demonstrated both their technical and business competence by running 
successful wood products companies. In particular, one industry participant at 
the management level was a technical expert with vast experience in designing 
and implementing machinery. University participants were internationally 
recognized scientists in the field. Their scientific expertize covered technical 
areas such as wood physics, drying, and wood modification, as well as business 
in the area of forest products.    
 
In one particular occasion researchers discovered some quality issues with 
boards that were just about to be sent to the customers. Based on the researcher's 
recommendations the inspected boards were rejected and new thermally 
modified wood from a different species were produced and sent to the 
customers. Recommendations from academia representatives were implemented 
thereafter, and trust in the researchers' competence was clearly corroborated by 
this incident.  
 

Image and reputation 
 
This project involved two universities in Sweden with active research subjects in 
wood technology. These universities are very well known in the country and 
have good reputation internationally as well. The companies that participated in 
this project are family managed and have been involved in the wood product 
business for many decades before the project started. The companies have the 
reputation of producing quality products with environmental responsibility, and 
their created many jobs in the region.  
 

Interpersonal relationships 
 
Our results indicate that interpersonal relationships are an important element in 
building trust. The fact that some of the university and industry representatives 
had personal connections outside the professional level positively influenced 
trust between academia and industry. It was in general a very relaxed 



atmosphere that to some extent reminded more of a family reunion than a 
traditional business meeting. Participants that before the project were not 
familiar with each other quickly developed the same attitude.  
 

Risk 
  
Trust most likely leads to risk-taking in a relationship, and risk is an essential 
component of a trust model. In this regional alliance, however, the biggest risks 
were not associated to the collaboration between academia and industry but 
rather the commercial risks that the involved companies took when they decided 
to invest in a thermal modification plant. At the start of this alliance the demand 
for thermally modified wood was rather low in Sweden. The commercial risk 
assessment was based on the assumption that the market demand for thermally 
modified wood would grow in Sweden considerably as well as internationally. 
Another risk was the selection of the technology. The industry representatives 
decided to invest in a thermal modification technology that was not fully 
developed, instead of the more established method used by most companies in 
Finland. The risk of relational and performance problems was assumed small 
from the beginning due to the long standing relationship between the parties and 
previous successful collaborations.  
 

Control 
 
Written agreement and legal documents could be used in other to reduce risk, 
but in this case the only document signed by all parties involved was an 
application for research funding. No other legal binding document was signed 
between academia and industry, which indicate a high level of trust. Even 
though the level of control from both parties was low, this did not increase the 
perception of risk, mainly because the level of trust among the participants was 
high. The fact that no contracts were signed made this alliance particularly 
unusual and indicates that there was a high level of trust already in the beginning 
of the formation of the alliance.  
 
 



Conclusions 
 
In this study we presented a successful example of an alliance between two 
universities and a group of small- and medium-sized enterprises (SMEs) in the 
wood products sector in Sweden. The industry group consisted of four wood 
product companies that in 2008 decided to expand their business to produce 
thermally modified wood. The industry group decided to invest in a process 
involving pressurized thermal modification equipment for which relatively few 
scientific papers had been published concerning the process. Consequently, the 
industry group teamed up with two universities that had experience in the field. 
This resulted in a joint research and development alliance called Regional 
Development Center for Thermally Modified Wood and the establishment of a 
new company. 
 
Trust played a major role in the development in the industry and academy 
alliance. Trust increased during the collaboration and contributed to the success 
of the AIA. Trust was enhanced by the fact that industry and academy partners 
had different but complementary measures of success. While industry expected 
a successful implementation of the technology in their facilities and a profitable 
entry in the business of thermally modified wood, the universities looked for a 
better understanding of the process and opportunities for research that could be 
published in scientific journals. The main mutual gains for having this 
collaboration was achieving a better understanding of materials and processes 
that could lead to a lower production cost and higher product quality. 
 
This study showed that trust was the main element that facilitated the success of 
the enterprise. Trust reduced the perceived risk and the need of control. The 
biggest risks were not associated to the collaboration between academia and 
industry but rather the fact that companies decided to invest in a technology and 
segment of the market that were still not fully developed in Sweden. Written 
agreement and legal documents could have been used to reduce risk, but in this 
case the only document signed by all parties involved was an application for 
research funding. The results however were very positive as all parties were 
satisfied with the outcome of the project, and that positively increased trust 
between academia and industry in the regional wood product sector. Overall, the 
results of this study contribute to increase the understanding of how trust could 
be built and developed between industry and academy.  
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