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1. Abstract 

Thermal modification of wood is known as an effective and environmentally friendly method to improve 

the dimensional stability and durability of wood without using chemicals. Thermally modified wood is, 

now a day, widely used especially for outdoor applications like exterior claddings, decking, joinery and 

fences that risk biological attack.  Although many thermal modification processes have been 

substantially developed over the past decades and thermal treatment of wood has been implemented in 

industrial applications, the influence of drying conditions before thermal modification on mould 

resistance of thermally modified wood is still unclear. The objective of this thesis is to compare the 

development of surface mould growth on thermally modified Scots pine using pre-dried fast and slow 

kiln drying schedule, with the aim to investigate whether the migration of monosaccharides toward wood 

surface during fast and slow kiln drying has any impact on the mould resistance of thermally modified 

wood.  

The experiment procedure was performed based on the production of Thermowood class D in the 

industrial scale of Heatwood company, Hudiksvall, Sweden. Two groups of green boards of Scots pine 

(Pinus sylvestris L.) with 50 mm in thickness were dried using fast and slow kiln drying schedule until 

reaching the target moisture content of 18% without conditioning period. After drying the boards were 

split at the half of their thickness before subjected to thermal treatment at a treatment temperature of 

212 °C for 3 hours. Dry density (ρ00) and moisture content (MC) of the kiln dried and thermally modified 

wood was examined. 

A distribution of monosaccharides at 9 different depth positions in sapwood under the inner and outer 

surface of the kiln dried and thermally modified boards were analysed using Gas chromatography  

(GC-MS) analysis. Monosaccharides were identified in the extracts by comparison with the retention 

times of pure monosaccharides and MS-data. 

All four surfaces of kiln-dried and thermally modified test pieces were planed off 2 mm before 

incubation with 3 species of mould fungi (Cladosporium sp., Aspergillus niger, Penicillium commune) 

using indirect incubation method. The incubation was performed in a climate chamber under a controlled 

climate condition at 27°C of temperature and 95% of relative humidity (RH) for 28 days. The mould 

growth on the sapwood area on the surface of the wood was investigated on the basis of the area of 

contamination by a visual assessment of mould growth. 

Based on the results of this study, it is concluded that neither fast nor slow kiln drying before thermal 

modification had a significant impact on mould resistance of thermally modified Scots pine. This result 

would be good from an industrial point of view, as it seems uncritical which drying process is done 

before the thermal modification process.  

Thermally modified Scots pine showed considerably better mould resistance than the kiln-dried one.  

The GC-MS analysis showed that no water-soluble monosaccharides were found in thermally modified 

Scots pine, whereas arabinose, glucose, xylose, mannose, fructose and galactose were found in kiln dried 

Scots pine samples. There is a tendency for the monosaccharide content to be higher at the outer surfaces 

of the kiln dried board than in the inner surface. The outer surface of fast kiln dried showed the higher 

content of monosaccharides compared the slow kiln dried one. In contrast, higher content of 

monosaccharides was found in the inner surface of slow kiln dried than that with the fast kiln dried. 
However, this result should be seen as an indication and interpreted with caution since there was only 

one observation for each sample. 
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3. Introduction 

Wood is a sustainable, economical, renewable, durable, and aesthetically pleasing material which helps 

tackle climate change. Wood products store the carbon that the growing trees have absorbed from the 

atmosphere, about 50% of the dry weight of wood is carbon (Rowell, 1983). The construction of the 

wood buildings has considerably lower energy use and CO2 emissions than other materials (Suzuki et 

al.,1995; Björklund and Tillman, 1997; Buchanan and Levine, 1999; Gustavsson et al., 2006). However, 

wood can easily degrade in the actual service especially in contact with the ground, and for exteriors of 

structures. Wood deterioration is caused by a combination of biological, chemical, and physical 

processes, and water playing an important role (Hyvönen A. et al, 2005).  

Mould growth is a common problem in buildings all over the world. In Europe, an estimated 10–50% 

(depending on the country) of the indoor environments where human beings live, work and play are 

damp (World Health Organisation Europe, 2009). The National Environmental Health Survey estimated 

that about 25% of Sweden's population has moisture and/or mould in their homes (Boverket, 2009). 

Health effect and economic impact are the two problems caused by mould fungi which we need to 

concern. Mould growth on the building is unpleasant and decreases the aesthetic value of the buildings. 

In addition, mould can increase permeability and retain moisture on the surface of the wood. Thus, a 

mould attack can accelerate an oncoming attack of rot fungi (Blom and Bergström, 2005).  Indoor mould 

causes unpleasant smells in the building. The compounds produced by moulds such as Microbial 

Volatile Organic Compounds (MVOC) and mycotoxins may cause health problem on a human being 

such as allergies, respiratory problem, asthma, and skin irritation. 

 In case of wood materials, different factors are involved in the growth of mould such as amount and 

quality of sapwood and heartwood, surface quality of wood, nutrient content, extractives content, 

permeability of the wood, and surface treatments (Gobakken & Lebow, 2010; Terziev, 1996; Theander 

et al., 1993; Terziev and Boutelje 1998; Viitanen, 1996; Viitanen, 2001; Viitanen and Ahola, 1999; 

Bjurman et al., 1991).  

Different wood preservations and modifications methods have been developed over the past decades 

with the aim to improve durability and increase life service of wood material. Thermal modification of 

wood, also known as heat treated wood, is an environmentally friendly method which is developed in 

order to improve the dimensional stability and durability of wood without using chemicals. Thermal 

modification process changes the chemical compositions and results in changing of the physical and 

biological properties of wood. This modification method is an alternative to chemical treatments of 

wood, which are toxic to human beings and other living creatures when released to the environment.  

For several decades, different thermal modification processes have been developed such as Plato process 

in the Netherlands, Retification and Le Bois Perdure in France, Menz Holz in Germany, WTT Thermo 

treatment in Denmark, and The Finnish ThermoWood process in Finland. Among the other thermal 

modification process, ThermoWood is dominating the market for the manufacture of thermally treated 

wood in Europe and thermowood process is the largest producer of thermally modified wood in the 

world (Sandberg and Kutnar, 2016; ThermoWood, 2017). Their production has been progressively 

increasing, according to the ThermoWood Production statistics (2017), the annual production of 

ThermoWood in 2001 was approximately 19,000 m3 and it has been increased to approximately 194,000 

m3 in the year 2017. 

The improvement of biological durability of thermally modified wood can be explained by different 

hypotheses such as the changes in the chemical composition of the wood which makes the wood more 

resistant to fungi attack, degradation of hemicelluloses, an increase of the hydrophobic property of wood 

which limits the sorption of water into wood material and the formation of new toxic extractives during 

heating (Bekhta and Niemz, 2003; Hakkou et al., 2006; Tjeerdsma et al., 1998b).  
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The drying of wood is an important process to get more efficient production and controlled properties 

of wooden boards. Wood drying is also an important process for thermal modification of wood in 

industrial scale since wood materials with appropriate MC are required.  The drying rate has a significant 

effect on the redistribution of water-soluble sugars and nitrogenous compounds in wood during drying. 

The faster kiln drying schedule provokes a higher sugars and nitrogenous compounds toward the surface 

of the wood and the wood becomes more susceptible to mould growth compared to the slow drying 

schedule (McCurdy, 2005; Terziev,1995; Terziev et al,1993: Terziev et al., 1996; Theander et al., 1993; 

Sehlstedt-Persson, 2011). 

This circumstance raised up a question that the migration of nutrients toward the wood surface due to 

different drying schedules could have an impact on mould resistance of thermally modified wood. In 

this thesis, the development of surface mould growth on thermally modified Scots pine after fast and 

slow kiln drying was compared with the aim to investigate the impact of fast and slow kiln drying before 

thermal modification on mould resistance of thermally modified wood. The experiment procedure was 

evaluated based on the production of ThermoWood class D in the industrial scale of Heatwood 

Company, Hudiksvall, Sweden (Åström, 2018). 

Scots pine (Pinus sylvestris L.) is an important, commercially valuable wood species in Nordic countries. 

In Sweden, the growing stock by diameter class for all land use classes in the year 2012-2016 of Scots 

pine is at 49.2 % (Forest statistics, 2017). This wood species is also the main wood species used for 

industrial scale thermal modification. According to the ThermoWood Production statistics (2017), the 

production of ThermoWood Scots pine was at 48% of their annual production in the year 2017. The 

heartwood of Scots pine is classified to natural durability classes 3 – 4 (moderately to slightly durable) 

according to the standard EN 350-2 (1994). 

4. Objective 

The objective of this thesis is to compare the development of surface mould growth on thermally 

modified Scots pine after fast and slow kiln drying, with the aim to investigate the impact of fast and 

slow kiln drying before thermal modification on the mould resistance of thermally modified wood 

according to industrial practice.  

5. Background 

5.1 The chemical structure of wood 

The chemical composition of wood is based on about 50% carbon, 6% Hydrogen, 44% Oxygen and 

other substances (Rowell, 1983). The major components of wood cells are cellulose, hemicellulose, 

lignin, and a minor proportion of extractives and inorganics. Cellulose content varies from 

approximately 40 to 50% of the dry wood weight, from 20 to 35% and from 15 to 35% for hemicellulose 

and lignin respectively (Ek et al., 2009; Fengel and Wegener, 1989; Rowell, 1983; Sjöström, 1993). 

Cellulose 

Cellulose is the main structural component of wood. Cellulose is a homopolysaccharide composed of 

D-glucopyranose units linked to each other by β-(1,4) glycosidic bonds (Sjöström, 1993). The empirical 

formula for cellulose is (C6H10O5)n, where 'n' is a degree of polymerization (DP). Wood cellulose 

molecule has a DP of at least 9,000 – 10,000, and possibly up to 15,000 (Rowell, 1983). Figure 1 shows 

the structure of cellulose (according to Laine, 2005). 
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Figure 1. Structure of cellulose (according to Laine, 2005). 

Cellulose molecules are linear and have a tendency to form intra- and intermolecular hydrogen bonds. 

Bundles of cellulose molecules are aggregated to microfibrils, which form highly ordered (crystalline) 

alternate with less ordered (amorphous) region. Microfibrils are further build up to fibrils and to 

cellulose fibres bonds (Sjöström, 1993). The fibrous structure and strong hydrogen bonds thus result in 

properties of cellulose with high tensile strength and insoluble in the most solvent.  

Hemicelluloses 

Hemicelluloses are generally heterogeneous polysaccharides which function as supporting material in 

the cell walls (Sjöström, 1993). Their main building units are hexoses (D-glucose, D-mannose, and D-

galactose) and/or pentoses (D-xylose and L-arabinose) (Ek et al., 2009) with DP up to 200-300 (Hill, 

2006). Hemicelluloses have shorter molecular chains, lower molecular weight compare to cellulose and 

some of them are branched (Fengel and Wegener, 1989; Rowell, 1983). Furthermore, hemicelluloses 

contain the great proportion of accessible hydroxyl groups which react more readily and are less 

chemically and thermally stable than cellulose and lignin (Ek et al., 2009; Rowell, 1983). The 

composition and structure of hemicelluloses are different between hardwood and softwood (Fengel and 

Wegener, 1989; Sjöström, 1993).  

The softwood hemicelluloses are mainly Galactoglucomannans (20%), Arabinoglucuronoxylan  

(5-10%,) and Arabinogalactan (5-35% in the heartwood of Larches). Table 1 shows the major 

hemicelluloses in softwoods (Rowell, 2005). The softwood hemicelluloses mainly contain a backbone 

polymer of D-galactose, D-glucose, and D-mannose (Sjöström, 1993). 

Table 1. Major hemicelluloses in softwoods (Rowell, 2005) 
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Lignin 

Lignin is a complex, high molecular weight and hydrophobic polymer built upon phenylpropane units 

such as P-hydroxyphenyl, guaiacyl, and syringyl units. The three-dimensional amorphous polymer of 

lignin is made up of C–O–C and C–C linkages (Rowell, 2005). Lignin plays at least four important roles 

in wood; gives stiffness to the cell wall, glues different cells together in woody tissues, makes the cell 

wall hydrophobic, and protect wood against microbial degradation (Ek et al., 2009).         

In general, lignins are classified into three major groups: softwood (guaiacyl lignin), hardwood 

(syringyl-guaiacyl lignin), and grass (HGS-lignin) lignins (Ek et al., 2009). Softwood lignin has a 

methoxyl content of 15–16%; hardwood lignin has a methoxyl content of 21% (Rowell, 2005). The 

simplified representation of a segment of softwood lignin according to Sjöström (1998) is shown in 

Figure 2. 

 

             

Figure 2. The simplified representation of a segment of softwood lignin (source: Sjöström, 1998). 

Extractives 

Wood extractives are non-structural components of wood. According to Fengel and Wegener (1989), 

the extractives of softwoods can be divided into four groups: 1) Terpenes and Terpenoids, 2) Fats, Waxes 

and Their Components, 3) Phenolic Compounds, and 4) Various Compounds.  The content and 

composition of extractives vary among wood species, geographical site, season and parts of the tree 

(Fengel and Wegener, 1989; Sjöström, 1993). The functions of extractives vary among different types, 

for example, fats constitute the energy source of the wood cells, lower terpenoids, resin acids, and 

phenolic substances are produced to protect the wood against microbiological damage and insects. Some 

extractives can also play a role in the metabolism of the living cells in the tree, and some take part in the 

catalysis of the biosynthetic process (Ek et al., 2009; Sjöström, 1993). 

5.2 Natural durability of wood 

Natural durability, or alternatively decay resistance, is defined as the ability of wood to resist biological 

degradation (Eaton and Hale, 1993). According to EN 350-2 (1994), the natural durability is defined as 

“the inherent resistance of wood to attack by wood destroying organisms”. In this standard, wood species 

are classified in a five-class system: 1) very durable, 2) durable, 3) moderately durable, 4) slightly 

durable, and 5) not durable. The durability given in this classification refers to heartwood only; sapwood 

of all wood species should be considered as belonging to durability class 5 (not durable). The heartwood 
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of Scots pine is classified to natural durability classes 3 – 4 (moderately to slightly durable) according 

to this standard. 

The natural durability of woods may vary among tree species, among individual trees, and among 

different parts within individual trees (Scheffer, 1973). There are several factors which influence the 

natural durability of wood; 

Extractives:  Extractives are “the principal source of decay resistance” in wood and natural durability of 

wood is often related to toxic extractive components (Amusant et al., 2007; Hillis, 1987; McDaniel, 

1992; Scheffer and Cowling, 1966; Scheffer and Morrell, 1998). Wood whose extractives are removed 

loses its natural durability (Kirker et al., 2013; Oliveira et al., 2010; Scheffer and Cowling, 1966). On 

the other hand, adding heartwood extractives to normally decay prone wood can increase the decay-

resistant (Smith et al.1989).  

Pinosylvin is a phenolic substance extractive which has the great effect on the natural durability of Scots 

pine (Ek et al., 2009; Venäläinen et al, 2003). Ekeberg et al. (2006) stated that the amount of pinosylvin 

in Scots pine heartwood is higher than in sapwood and higher in the outer heartwood than in the inner 

heartwood. 

Heartwood/Sapwood: Sapwood has poor natural durability due to high amounts of carbohydrates in the 

form of free sugars which play an important role as nutrients for mould fungi, high MC, high 

permeability, and few toxic extractives content.  

The concentration of soluble carbohydrates such as glucose, fructose and sucrose in pine sapwood is 

greatest in the outer sapwood and decreases gradually towards the innermost sapwood (Saranpää and 

Höll 1989). The durability of heartwood derives from extractives content, which acts as a natural 

preservative in wood, and the low permeability in the heartwood. The heartwood of many wood species 

has high durability against biological attack. Sehlstedt-Persson and Wamming (2010) studied the impact 

of various drying processes on the durability of Scots pine lumber and the result showed that sapwood 

shows considerably lower durability, more than two times higher mass loss in rot test, than heartwood.  

Scheffer and Morrell (1998) stated that decay resistance can vary according to the position in the 

heartwood as shown in Figure 3. 

                                       

Figure 3. Diagram of a longitudinal section of a tree stem showing common variation in decay resistance radially and 

vertically in the heartwood (according to Scheffer and Morrell, 1998). Arrows indicate the direction of increasing resistance. 
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Lignin: Lignin is a heterogeneous polymer of phenylpropane units and is extremely resistant to some 

decay fungi (Scheffer and Morrell, 1998). The quantity and type of lignin influence the natural durability 

of wood (Eaton and Hale 1993; Oliveira et al., 2010; Syafh et al., 1988).  

Density: Several studies show that wood with high density is often considered as more durable than 

wood with lower density within the same species (Antwi-Boasiako and Atta-Obeng, 2009; Antwi-

Boasiako and Pitman, 2009; Chubinsky, 2003) but Boutelje and Nilsson (1985) found that there is no 

clear relationship between wood density and natural durability. Brishke et al. (2006) and Scheffer and 

Morrell (1998) stated that wood species with high density are not necessarily more resistant to fungi. 

Sehlstedt-Persson and Karlsson (2008), found a weak negative correlation between mass loss and 

density of dried pine heartwood in a 7-week in-vitro decay test. 

The dry density of wood is influenced by structure, extractives, and chemical composition of the wood 

(Antwi-Boasiako and Atta-Obeng 2009; Tsoumis, 1991). High density is also related to higher extractive 

content, which is known to have an inhibitory effect on fungal degradation (Scheffer, 1973). 

5.3 Mould in wood 

The term "mould (UK / NZ / AU / ZA / IN / CA / IE) or mold (US)" is originated from daily life and is 

not a taxonomic name (Schmidt 2006). Mould belongs to the divisions Zygomycota and Ascomycota in 

the fungi kingdom.  

Surface moulds mainly cause an aesthetic problem and increase the permeability of wood but have no 

significant impact on the strength properties (Scheffer, 1973). The hyphae of mould penetrate only a 

few millimetres in the wood and live on nutrients in the parenchyma cells of sapwood (Schmidt 2006). 

The growth of mould is affected by several factors, physical and chemical factors, such as nutrients, 

water, air (O2), temperature, air velocity, pH value, light, and the force of gravity (Esping, 1988; 

Schmidt, 2006). In case of wood materials, different factors are involved in the growth of mould such 

as amount and quality of sapwood and heartwood, surface quality of wood, nutrient content, extractives 

content, permeability of the wood, and surface treatments (Gobakken & Lebow, 2010; Terziev, 1996; 

Theander et al., 1993; Terziev and Boutelje 1998; Viitanen, 1996; Viitanen, 2001; Viitanen and Ahola, 

1999; Bjurman et al., 1991).  

Nutrient: Moulds are the wood-inhabiting fungi, same as yeast, blue-stain fungi and red-streaking fungi 

at an early stage, which grow on the surface and/or in the outer wood area and use the nutrient from the 

contents of parenchyma cells and capillary liquid (Schmidt, 2006). Viitanen (2001) stated that the 

amount of low molecular nutrients in wood affected the initiation and rate of fungal growth. The amount 

of low molecular nutrient is different among different wood species. The felling time also influences the 

amount of nutrient in wood. Terziev and Boutelje (1998) found that the total content of LMW sugars 

was 1.59 times higher in winter than in spring and the surfaces of winter-felled were more susceptible 

to mould growth than those of spring-felled. Drying schedules can also accelerate the migration of 

soluble sugars to the wood surface in sapwood (McCurdy, 2005; Terziev et al., 1993,) where they could 

increase the ability for the growth of mould (Theander et al., 1993; Sehlstedt-Persson, 2011). 

Temperature: Generally, moulds are able to grow between 0 and 50 °C (Sedlbauer, 2001; Viitanen, 

2001), and the optimal temperature is between 20 and 35 °C for most species (Viitanen, 1996). 

MC and Relative Humidity: Moulds need water for nutrients uptake, the transport within the mycelium 

and also as a solvent for metabolism, without water their metabolism will be retarded (Schmidt, 2006). 

The critical limit for mould growth on wood is around 75 - 80 % RH, but mostly higher RH, around  

90 % (wood MC around 20 %) is required for growth (Viitanen 1997). Viitanen (2001) stated that mould 

fungi can grow rapidly at higher humidity (RH > 95% at temperatures between 20 and 40 °C). The 

minimum RH for mould growth is 78–80 % at 20 °C and 75–77 % at 40 °C, if the exposure time is 
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expanded to 24 weeks (Viitanen and Ritschkoff,1991; Viitanen,1997). However, the mould growth is 

retarded under fluctuating humidity conditions and the retardation depends on the humidity and 

exposure periods of high and low humidity (Johansson et al., 2013; Viitanen and Bjurmann, 1995). 

An overview model of the critical temperature and humidity limits for the risk of mould growth is shown 

in Figure 4. 

                    

Figure 4.  An overview model of the critical temperature and relative humidity limits for the risk of mould growth (Hukka and 

Viitanen, 1999). 

pH value: The pH value influences germination of spores, mycelial growth, enzyme activity (wood 

degradation), and fruit body formation of wood fungi (Schmidt, 2006). Generally, the optimum pH value 

for wood fungi is in a slightly acid environment of pH 5-6 (Schmidt, 2006) but the growth of mould and 

wood-stain fungi are retarded as the pH value exceeds 5 (Lacasse and Vanier, 1999). 

Air: Moulds require free oxygen in the air for their metabolism and the growth rate depends also on the 

combination of carbon dioxide (Lacasse and Vanier, 1999; Schmidt, 2006).   

5.4 Wood Drying  

The living tree contains a lot of water which still remains in the green boards after sawing. The MC in 

wood is an external factor that has a great influence on the properties of wood and timber such as 

dimension stability (shrinkage and swelling) and mechanical properties (Bergkvist, 2015). The drying 

of wood is an important process to get more efficient production and controlled properties of wooden 

boards. Dried lumber has many advantages over green lumber for producers and consumers such as 

(Desch and Dinwoodie, 1996; Forest Products Laboratory,1999; Morén, 2016; Wengert E. M., 2006): 

1. Removal of excess water reduces weight, thus shipping and handling costs.  

2. Proper drying minimises shrinking and swelling of wood in use to manageable amounts under 

all but extreme conditions of RH or flooding.  

3. As wood dries, most of its strength properties increase, as well as its electrical and thermal 

insulating properties.  

4. Properly dried lumber can be cut to precise dimensions and machined more easily and 

efficiently; wood parts can be more securely fitted and fastened together with nails, screws, 

bolts, and adhesives; warping, splitting, checking, and other harmful effects of uncontrolled 

drying are largely eliminated; and paint, varnish, and other finishes are more effectively applied 

and maintained.  
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5. Wood must be relatively dry before it can be glued or treated with decay preventing and fire-

retardant chemicals. 

6. Drying of wood prevents the boards from biological attack. 

Wood Drying Methods 

Wood drying is basically classified in two methods by which timber can be industrially dried even 

though other methods such as vacuum, microwave drying etc. also exist;  

Air drying: The drying of timber by exposing stickered unit packages of lumber in the out-door air with 

no artificial heating, control of velocity, or control of humidity. The lumber may be protected from the 

rain and sunlight with a small roof on each pile of lumber or by sheds (Wengert E. M., 2006).  

Kiln drying: The lumber is dried in a closed chamber by controlling the temperature, RH, and air 

circulation until the wood reaches a predetermined moisture content (Forest Products Laboratory, 1999).  

Air drying is a less expensive method than kiln drying seen from an energy perspective. However, the 

disadvantages of air drying method are the dependence of the climate and it might take several months 

to a number of years to air-dry the wood and in addition, it is impossible to air-dry to lower MC than  

14-15%. The significant advantages of conventional kiln drying are higher throughput, climate control, 

shorter drying process and better control of the final moisture content. 

Impact of wood drying on the durability of wood  

The drying of wood is an important process to get more efficient production and controlled properties 

of wooden boards. However, artificial kiln drying can also accelerate the migration of soluble sugars to 

the wood surface in sapwood where they could increase the ability for the growth of mould (McCurdy, 

2005; Sehlstedt-Persson 2011; Terziev et al., 1993; Theander et al. 1993). In the early stage of the wood 

drying process, free water in sapwood relocates towards the surface and carbohydrates and nitrogen 

compounds are transported with the water and accumulated toward the surface of the wood (Theander 

et al. 1993). The drying rate has a significant effect on the redistribution of water-soluble sugars and 

nitrogenous compounds in wood during drying. The faster kiln drying giving a higher sugar enrichment, 

meanwhile, the lowest sugar and nitrogen gradients were observed during air drying (Terziev,1995). 

Furthermore, Terziev et al,1993 stated that there is the considerably greater amount of sugar on the 

surface of the un-planed planks after fast drying compared with the slow drying schedule.  

Johansson P. et al. (2013) and Sehlstedt-Persson and Wamming (2010) found that un-planed air-dried 

timber showed better durability against mould attack than the kiln-dried samples. In addition, steam 

conditioning after drying decreased durability in sapwood (Sehlstedt-Persson and Wamming, 2010). 

5.5 Thermal modification 

According to Callum A.S. Hill (2006), the thermal modification of wood is defined as the application 

of heat to wood in order to bring about the desired improvement in the performance of the materials. 

Thermal modification by heating wood at a relatively high temperature about 150 – 260°C is the 

effective method to improve the dimensional stability and biological durability of wood (Hillis, 1984; 

Stamm, 1964; Tjeerdsma et al., 1998b). Kamdem D.P. et al, (2002), stated that, the maximum 

temperature during the thermal modification is varied between 180 °C to 280 °C during 15 minutes to 

24 hours depending on the process, wood species, sample size, MC of the wood, the desired colour 

appearance and mechanical properties, resistance to biological attack and the dimensional stability of 

the final product. Thermal modification process leads to the changing of the chemical compositions of 

wood and the physical and biological properties of wood are altered (ThermoWood, 2003). 
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5.5.1 Thermal modification processes 

Plato-Process (PLATO BV, The Netherlands) 

The PLATO-process principally consists of two stages with an intermediate drying operation (Ruyter, 

1989; Boonstra et al., 1998). In the first step (hydrothermolysis), green or air-dried wood is treated at 

temperatures between 160 °C - 190 °C under increased pressure (super-atmospheric pressure). In the 

second step (curing) the dry intermediate product is heated again to temperatures between 170 °C - 190 

°C. The process time is depending on the wood species used, the thickness, form of wood etc., (Militz 

& Tjeerdsma, 2001). 

Retification process and Le Bois Perdure (France) 

The retification process has been developed by the Ecole Nationale Supérieure des Mines de Saint-

Étienne in collaboration with the owner of licenses and patents NOW. The process starting from wood 

previously dried around 12 % MC in humidity thereafter the wood is heated slowly in a specific chamber 

up to 210 – 240°C in a nitrogen atmosphere with less than 2 % in oxygen (Vernois, 2001). 

Le Bois Perdure process allows using green wood. In the first step, green wood is artificially dried in 

the oven and then the wood is heated up to 230°C in a steam atmosphere. The steam is generated from 

the water of the wood (Vernois, 2001).  

OHT – Process (oil-heat treatment, Menz Holz, Germany) 

In this process, the wood is heated in a hot vegetable oil bath at a temperature of 180 and 220°C for 2 to 

4 hours in a closed vessel (Rapp and Sailer, 2001). 

ThermoWood process 

ThermoWood has been developed at the Finnish Research Center VTT in co-operation with the Finnish 

wood product industry in Finland (ThermoWood, 2003). This process is based on heating wood at high 

temperatures, 180 - 250 °C, by using a water vapour as shielding gas (Jämsä and Viitaniemi, 2001). The 

process can be divided into three main phases: Drying, Heat treatment, and Cooling and moisture 

conditioning phase (ThermoWood, 2003). ThermoWood has two standard treatment classes, Thermo-S 

and Thermo-D based on the durability and intended applications (ThermoWood, 2003).  

5.5.2 Effects of thermal modification on wood properties. 

Chemical Changes 

As wood is heated to higher temperature, the main chemical compositions of wood such as cellulose, 

hemicelluloses, and lignin as well as extractives are degraded and leading to changes of physical and 

mechanical properties of thermally modified wood. The chemical changes depend on the duration and 

temperature of the treatment (Bourgois et al., 1989).  

The chemical changes in the wood start by deacetylation of hemicelluloses. Acetic acid, which is formed 

from acetylated hemicelluloses by hydrolysis, plays the important role as a catalyst in the hydrolysis of 

hemicelluloses to soluble sugars. The dehydration of carbohydrate reduces the content of hydroxyl 

groups and induces the formation of furfural, 5-hydroxymethylfurfural (HMF), formaldehyde and other 

aldehydes (Callum A.S. Hill, 2006; Esteves et al., 2008b; Esteves and Pereira, 2009; Esteves et al., 2013; 

Tjeerdsma et al., 1998; ThermoWood, 2003). Furfural and HMF are the common thermal degradation 

products of monosaccharides, where furfural is a product from pentoses meanwhile HMF derives from 

hexoses (Fengel and Wegener, 1989). Probable thermal degradation pathways for hemicelluloses is 

shown in Figure 5. 
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Figure 5. Probable thermal degradation pathways for hemicelluloses, according to Fengel and Wegener (1989). 

Source: Callum A.S. Hill (2006). 

The degradation of hemicelluloses under the thermal modification process leads to the reduction of EMC 

and hygroscopicity of wood. In contrast, dimensional stability, the degree of crystallinity and biological 

durability of wood are increased.  

The degradation of cellulose occurs at a higher temperature than that of hemicelluloses (Alén et al., 

2002; Callum A.S. Hill, 2006; Bourgois and Guyonnet, 1988; ThermoWood, 2003). Several studies 

found that the crystallinity of cellulose is increased during the early stage of heat treatment and thereafter 

decreased as the time of heating is extended (Bhuiyan et al., 2000; Bhuiyan and Hirai 2005; Wikberg 

and Maunu 2004).   

Lignin is the most thermally stable component of the cell wall (Callum, A.S. Hill., 2006; Fengel and 

Wengener, 1989; ThermoWood, 2003). Thermal modification induced changes in the lignin structure 

by a cleavage of the β-O-4 linkages (Wikberg and Maunu, 2004). 

Most of the original extractives in the wood are easily degraded during the heat treatment 

(ThermoWood, 2003) but new compounds are formed, such as anhydrosugars, mannosan, galactosan, 

levoglucosan and two C5 anhydrosugars (Esteves et al., 2008b). Nuopponen et al. (2003) stated that fats 

and waxes are the first compounds to degrade from wood at the temperature above 180°C during heat 

treatment followed by fatty acids and resin acids at the temperature above 200°C.  

The schematic reaction mechanisms of heat-treated wood according to VTT is shown in Figure 6. 
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Figure 6. Reaction mechanisms of heat-treated wood according to VTT (source: ThermoWood, 2003). 

Physical Changes 

As the result of thermal modification, wood becomes darker and the darkening of the wood is basically 

affected by duration of treatment and temperature (Bekhta and Niemz, 2003; Callum, A.S. Hill., 2006; 

Chen et al., 2012; Lovrić, et al., 2014; Menezzi et al.,2009;). The colour change of wood is greater in 

oxygen compared to heating in a nitrogen atmosphere (Callum, A.S. Hill., 2006; Chen et al., 2012).  

Under the thermal modification process, the number of primary sorption sites (OH groups) is decreased 

due to degradation of hygroscopic hemicellulose polymers and this results in a reduction of EMC, 

decreased water uptake of wood and less water absorption of cell wall (Jämsä and Viitaniemi, 2001; 

Sandberg and Kutnar,2016; ThermoWood, 2003). Several studies showed that EMC of wood is 

decreased after thermal modification (Esteves et al., 2006; Kamdem et al., 2002; ThermoWood, 2003; 

Tjeerdsma, 2006) and high-temperature drying process (Sehlstedt-Persson, 1995)). According to 

ThermoWood (2003), the water permeability of heat-treated spruce is about 20–30 % lower than that of 

normal kiln dried spruce and shrinking and swelling of wood is decreased with 50 - 90 %.  

Thermal modification results in a reduction of mass. The mass loss depends on wood species, heating 

medium, temperature, and treatment duration (Alén et al., 2002; Kim et al., 1998; Zaman et al., 2000).  

Mechanical changes 

Dimensional stability is one of the most important features of the thermally modified wood. Several 

studies showed that wood exposed to high temperature becomes more dimensionally stable (Bekhta and 

Niemz, 2003, Feist and Sell, 1987; Kocaefe et al, 2015; Korkut et al., 2008; Seborg et al., 1953; 

Tjeerdsma et al., 1998b).  

The drawback of thermal modification is reduction in strength such as tensile strength parallel to the 

grain, compressive strength parallel to grain, bending strength, tension strength perpendicular to grain, 

modulus of elasticity in bending, and shear strength (Bekhta and Niemz, 2003; Boonstra et al., 2007; 

Callum, A.S. Hill., 2006; Korkut et al., 2008; Korkut and Budakc, 2009; Sehlstedt-Persson, 1995; 

ThermoWood, 2003). The reduction in strength of thermally modified wood might be an effect of 
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degradation and modification of hemicelluloses, degradation and/or crystallization of amorphous 

cellulose, and polycondensation reactions of lignin.  

Thermal modification results in decreasing of wood density (Callum, A.S. Hill., 2006; Gunduz et al., 

2009; Korkut and Bektaʂ, 2008; Moliński et al., 2016; ThermoWood, 2003) and this is mainly due to 

the changes of the sample mass and volume of wood during the treatment (Callum, A.S. Hill., 2006; 

ThermoWood, 2003).  

Biological durability  

The thermal modification is known as an effective process to improve the biological durability of wood 

(Bekhta and Niemz 2003; Kamdem and Jermannaud, 2002; Kortelainen and Viitanen 2009; Kortelainen 

and Viitanen, 2017; Severo et al., 2016; ThermoWood, 2003).  

The improvement of biological durability of thermally modified wood can be explained by different 

hypotheses such as the changes in the chemical composition of the wood which makes the wood more 

resistant to fungi attack, degradation of hemicelluloses, an increase of the hydrophobic property of wood 

which limit the sorption of water into wood material and the formation of new toxic extractives during 

heating (Bekhta and Niemz, 2003; Hakkou et al., 2006; Tjeerdsma et al., 1998b). Hakkou et al. (2006) 

stated that the chemical modification of wood polymers is the most reliable hypothesis to explain the 

improvement of durability of heat-treated wood. In addition, degradation of hemicellulose together with 

other chemical modification is the main reason for improving the durability of wood. 

6. Materials and Methods 

6.1 Wood materials 

A total of nine individual green 50 mm X 115 mm boards of Scots pine from block sawn timber with 

the minimum length of 4-5 metre with as high sapwood proportion as possible were collected from Sävar 

sågverk of Norra Timber, Umeå, Sweden. The boards were newly sawn in March and cut from trees 

growing in Västerbotten, Sweden.  

Each individual board was cut into four specimens with 0.96 m in length. Each specimen was labelled 

by the letter from A to D, from the butt to the top end of the board respectively. Both ends of each 

specimen were sealed with silicon paste. Two test pieces with 5 cm in length were taken from each 

board and named as 1 for the piece which was taken from the position between specimen A and B and 

2 for the one that was taken from position between specimen C and D. These two test pieces were used 

to determine the green MC according to oven dry method and density (ρ00). The schematic of specimen 

preparation is shown in Figure 7. 

 

Figure 7. Preparation of specimens. Four specimens with 0.96 m in length were cut and labelled A-D from the butt to the top 

of the board. Two test pieces (1, 2) were taken from each board and used for determination of MC and ρ00. 

 

 

 



 

16 
 

Determination of density 

The dry density (ρ00) of each board was expressed by using the equation: 

ρ00 = m0 / v0         (1)   

Where  

ρ00 = The density of the dried test piece (kg/m3) 

m0 = The mass of the oven-dried test piece (kg).  

v0 = The volume of the oven-dried test piece (m3).  

Determination of the Moisture Content (MC) 

The MC was determined by the oven-dry method accordance EN -13183-1. The test pieces were first 

weighed and then dried at 103 °C until the mass is constant. After cooled in a desiccator, the test pieces 

were weighed again. The MC was expressed as a percentage by using the equation: 

MC = (mu – m0)/m0 x 100%       (2) 

Where  

MC = The MC of the test piece given in percentage of dry weight  

mu = The mass of the test piece before drying (g). 

m0= The mass of the oven-dried test piece (g). 

6.2 Drying process 

The drying was done in a small-scale laboratory kiln at RISE, Skellefteå with target MC of 18 %. To 

compare the influences of drying condition on durability against mould attack of thermal modified Scots 

pine boards, the specimens were divided into two groups for two different drying schedules. The kiln 

drying schedules were simulated by Tommy Vikberg based on kiln drying schedule of 50 mm X 115 

mm Scots pine boards of Sävar sågverk of Norra Timber, Umeå, Sweden. Specimen A and C from the 

boards with the uneven number and Specimen B and D from the boards with an even number were dried 

using a fast drying schedule. Meanwhile, specimen B and D from the boards with the uneven number 

and specimen A and C from the boards with an even number were dried using a slow drying schedule. 

The following drying schedules were used in this study: 

Fast drying schedule: The specimens were dried for 66 hours with maximum dry bulb temperature (DB) 

at approximately 78°C and 23°C of maximum wet bulb depression until reached the target MC at 18% 

without conditioning period. 

Slow drying schedule: The specimens were dried for 111 hours with maximum dry bulb temperature 

(DB) at approximately 78°C and 12°C of maximum wet bulb depression until reached the target MC at 

18% without conditioning period. 

There was a purpose of keeping the material temperature pretty much the same in the two drying runs 

and therefore the wet-bulb was kept at the same level in the capillary phase of the drying and the dry 

bulb was kept the same in the diffusive phase of drying, i.e. the web bulb started at 60°C in both runs 

and the dry bulb, in the end, were 78°C in the both runs.  

The fast drying specimens were labelled with letter F and L for the slow drying one. Diagram of drying 

schedules shows in Figure 8. 
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Figure 8. Diagram of drying schedules 

After drying, each specimen was split into two boards at the half of its thickness. The sapwood board 

was labelled with S and P for the pith board Figure 9. Thereafter, the S and P boards were split into two 

boards at the half of their length. One half of each board was labelled with H.  The new cut end of these 

boards was sealed with silicon paste and they were heat treated later. Two 5 cm long test pieces with a 

clear surface, free from knots, defects and sticker mark were cut from the other half of each board. One 

piece was used to determine MC after drying meanwhile the other one was vacuum sealed in plastic bag 

and kept for the mould test. The rest of the board was also vacuum sealed for later chemical analysis.   

              

Figure 9. Preparation of the boards after drying. Dried specimens were split into two boards at the half of its thickness, 

Sapwood board (S) and Pith board (P). 

6.3 Thermal modification of wood 

The thermal modification of wood was done in a small-scale laboratory climate chamber at Luleå 

Tekniska Universitet, Skellefteå. According to the capacity of the chamber, the thermal modification 

was done in two batches with 42 specimens/batch.  

The specimens were double stacked in the chamber. The modification process began with a fast increase 

in temperature to 100 °C, thereafter, the temperature was steadily increased to 130 °C. This phase was 

done in about 36 hours. After that, the temperature was raised to the heat treatment temperature of  

212 °C and remained constant for 3 hours. Thereafter, the cooling and moisture conditioning was taken 

place by decreasing the temperature to 50 °C during about 12 hours. 
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After the thermal modification was done, two 5 cm long test pieces with a clear surface, free from knots, 

defects and sticker mark were cut from each individual heat-treated specimen. One test piece was used 

for investigating MC and the other one was kept for later test piece preparation of the mould test. The 

rest of the specimens were vacuum sealed in a plastic bag for later chemical analysis. 

6.4 Test pieces preparation 

The 144 test pieces in total, one test piece of each wood group from each individual length position of 

the board number 1- 9, were chosen to use for the mould test. The test pieces were planned off 

approximately 2 mm from all four surfaces with a help of Bosch PHO 2000 handheld electric planer. 

Cupping after drying/heat treatment made difficult to get even planing depth along the surface, therefore 

the test pieces were pre-planed until even before they were planed off approximately 2 mm Figure 10. 

A small dimension of test pieces also made difficult for planing by handheld electric planer, therefore, 

the test pieces were fixed between two wooden planks which fasten tightly together on the table by two 

C-clamps to prevent movement of the test pieces during planing Figure 11. After planing, the hole was 

made at the position 1 cm under the top edge and at the half-length of the width of each test piece.  

A fixed length plastic band was placed in the hole for hanging the sample in the study box. 

 

          

Figure 10. Pre-planing of the test piece. Before (Left) and after pre-planing (Right).  

 

Figure 11. The test piece (A) was fixed between two wooden planks (B) which fasten tightly together on the table by two  

C-clamps (C) to prevent movement of the test pieces during planing. 
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The test pieces have been given suitable names according to; 

1. The first position is the number of the board from 1-9  

2. The second position is the position of the test piece along the board from A to D from butt to 

top of the board. 

3. The third position is the drying condition 

Where:  L is for Slow drying schedule 

F is for Fast drying schedule 

4. The fourth position is the side of the board 

Where:  S is for the sapwood board 

P is for the pith board 

5. The fifth position is for the thermally modified test pieces which were labelled with the letter H 

For example, Sample 1AFSH means a thermally modified sample from the outer board of the specimen 

A of board number 1 which was dried using a fast drying schedule. 

6.5 Mould fungi and Mould preparation 

The following three species of mould fungi were used in this study, see Figure 12.  

Outdoor mould 

• Cladosporium sp. 

Indoor mould 

• Aspergillus niger 

• Penicillium commune  

These mould fungi are common mould species which are found on wood buildings and wood materials 

in Sweden. The mould fungi were isolated from Scots pine dried sapwood deriving from Faksawat’s 

previous study (Poohphajai, 2018) and were kept separately on malt extract agar for 7 days until 

sporulation. 

Culture medium accordance to EN 113 

The culture medium is a malt agar medium with the following composition: 

• Malt extract in powder form (40 gram) 

• Agar causing no inhibit of growth of fungi (20 gram) 

• Water (conforming to grade 3 of ISO 3696) Quantity to make up to 1000 ml 

The medium was prepared by warming the mixture in a steam bath and stirring until dissolved. 20 ml 

of the medium was added to each sterilized petri dish. 

 

                               

Figure 12. Mould fungi from the left to the right: Cladosporium sp., Aspergillus niger and Penicillium commune 
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6.6 Incubation 

The incubation was performed using an indirect incubation method, which means the incubation of 

wood with mould fungi in Petri dishes without spraying spore suspensions on wood surfaces. The test 

pieces were hung in study boxes with a bath of 1 litre of water in the bottom. To equalise the possibility 

of contamination, the test pieces from the same length position of 9 different boards were hung in the 

same study box in a 9 rows X 4 column fashion. Where the row number 1-9 was for the test piece from 

the board number 1-9 and each column was for each wood group, Figure 13. Five Petri dishes of each 

mould fungi species were placed under the hanging samples in each box. The Gemini TGP 4017 

(Tinytag Plus2) logger was placed inside each study box to record data of climate condition in the study 

boxes through the experimental period, Figure 14 (Left). The four study boxes, each containing 36 test 

pieces, were placed in a climate chamber under controlled climate condition at 27°C of temperature and 

95% of RH for 28 days, Figure 14 (Right). 

                       

Figure 13. The arrangement of test pieces in the study box. The 36 test pieces with different groups from the same length 

position of 9 different boards were hung in the same study box in a 9 rows X 4 column fashion. The row number 1-9 was for 

the test piece from the board number 1-9 and each column was for each treatment, where:  S = Kiln dried sapwood board,  

SH = Thermally modified sapwood board, P = Kiln dried pith board and PH = Thermally modified pith board. 

                      

Figure 14. The indirect incubation study box contains the 36 hanging samples, 15 Petri dishes of 3 mould species and Gemini 

TGP 4017 (Tinytag Plus2) logger underneath with a bath of 1 litre of water in the bottom (Left).  The position of study boxes 

in the climate chamber (Right). 
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6.7 Assessment of mould growth 

After 28 days of incubation, the development of surface mould growth on the sapwood area on the outer 

and inner surface of the test pieces was studied on the basis of the area of contamination by a visual 

assessment of mould growth and microscope independently by two persons. The area of contamination 

on the surface was graded by "Rating scale for assessment of mould growth" (Sehlstedt-Persson et al., 

2011), see Table 2. The outer and inner surface of each test piece was photographed using a document 

camera. After that, the fixed length plastic band was taken away and the test pieces were weighed before 

they were dried in the oven at 103 °C until constant weight. The MC of test pieces after incubation was 

determined by the oven dry method. 

Table 2. Rating scale for assessment of mould growth (Sehlstedt-Persson et al., 2011). 

Mould grade Description The practical usefulness of board 

0 No visible mould is seen with the naked eye anywhere 

on the surface. 

0–2: good to acceptable for use 

1 Small amount of mould growth: some doubt that it is 

not quite free from mould 

2 Sparse mould growth: no doubt that there is mould but 

on a small scale; isolated black/dark spots and islands, 

such as those occurring near the wane. 

3 Moderate mould growth: mould found in more 

coherent strings and as black and coloured spots and 

islands; however, most of the sapwood surface is not 

covered by mould. 

3: questionable for use 

4 Heavy mould growth: mould covers the entire 

sapwood surface; sapwood surfaces viewed from 

the side are covered with fluffy mycelia and spores. 

4–6: unacceptable for use 

5 Very heavy mould growth: mould covers the entire 

sapwood surface; in addition to black mould, the 

multi-coloured mould is also present; sapwood 

surfaces viewed from the side are covered with fluffy 

mycelia and multi-coloured spores. 

6 Extremely heavy mould growth. 

 

One test piece from each wood group was selected for the study of mould growth by Scanning Electron 

Microscope (SEM). The SEM study was performed only for documentation and visualising the 

behaviour of mould growth on the samples, and not used in the analysis. 
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6.8 Monosaccharides analysis  

Analysis of the distribution of monosaccharides in wood was performed with the purpose to investigate 

the impact of migration of nutrients toward the wood surface during different drying schedules on mould 

resistance of thermally modified wood. This time-consuming test preparation and analysis was made 

only for specimens from 1 board, so no statistical analysis was made. The results should, therefore, be 

considered as indications.  

Standard sugar preparation (Methyl β-D-xylopyranose) 

In a 25 mL measuring bottle, 25 mL of ultra-pure water was added in 0.75 g of Methyl β-D-xylopyranose 

and then the solution was stirred until completely dissolved. Thereafter, 1 mL of solution was added in 

10 mL of water in a 10 mL measuring bottle. The final concentration of standard sugar was 3 mg/mL.  

Wood planing for monosaccharides analysis 

The wood material for the experiments was the Fast_kiln, Slow_Kiln, Fast_TM and Slow_TM specimen 

of board number 1. The planing dust was collected from the sapwood area of wood materials. The inner 

and outer surfaces were planed off 0.25 mm in planing depth for each layer and 9 layers in total for each 

surface (Figure 15) with a help of Bosch PHO 2000 handheld electric planer. The planing dust from 

each layer was vacuum sealed separately in a plastic bag and was kept in the freezer for 2 weeks before 

extraction. 

 

                      

Figure 15. Planing area and order of each individual layer of planing dust sample on surfaces of the board. 

Gas chromatograph Mass spectrometry (GC-MS) analysis 

The 6 mL of ultra-pure water was added to 200 mg of planing dust of each sample in a 10 mL bottle, 

see Figure 16. Thereafter, the planing dust solution was exposed to ultrasonic shaking water bath 

(Branson 2210 Ultrasonic Cleaner) without heating for 2 hours, see Figure 17. After 2 hours in the 

ultrasonic bath, the planing dust solution was centrifuged for 2 minutes several times a day in VV3 

Vortex mixer and was left overnight.  

The planing dust solution was treated with gravity filtration and suspended waste solids were removed 

from the liquid during this process. 1 mL of the standard sugar solution was added to the filtrate in each 

Petri dish which placing under the funnels. The filtration equipment and filtrated liquid are shown in 

Figure 18. 
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The filtrated were then left overnight until all the water evaporated. Thereafter, the dried extracts were 

dissolved with 2 mL of Dimethyl sulfoxide (DMSO) in Petri plate and transferred to a 5 mL bottle. 200 

µL of Hexamethyldisilazane (H8DS) and 100 µL of Chlorotrimethylsilane (TMSCI) was added in the 

solution.  

The solutions were shaken for 2 minutes in a VV3 Vortex mixer, thereafter the upper phases of the 

solutions were analysed with regard to monosaccharide content using gas chromatograph mass 

spectrometry GCMS-QP5050 (by Shimadzu) using an Agilent VR-23ms column. The GC-MS analysis 

time for the solutions was 13 minutes with the injection temperature of 250°C. 

The identity of each monosaccharide peak in the chromatograms was determined by comparing the 

retention times (RT) of the pure monosaccharides (arabinose, fructose, mannose, galactose, glucose and 

xylose) and MS-data library (NIST107 and NIST21).  

The contents of the monosaccharides were calculated from the ratio of the monosaccharide peak areas 

to the standard peak area. 

               

Figure 16. Bottles contain 200 mg of planing dust in 6 mL of ultra-pure water solution. 

          

Figure 17. Bottles with planing dust in ultra-pure water solution in an ultrasonic shaking water bath  

(Branson 2210 Ultrasonic Cleaner) 

         

Figure 18. Gravity filtration of planing dust in ultra-pure water solution. The solutions were filtrated in funnels using filter 

paper. The funnels were placed on a wooden funnel holder with dried Petri plates placed underneath. 
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6.9 PLS analysis 

To study the relationship between different factors and mould growth, the results were analysed by 

multivariate data analysis (MVDA) by Partial least squares regression (PLS), with the aid of SIMCA14 

software. 

The data for this study consists of 288 observations and 17 variables. For PLS analysis, MouldGrade 

was used as a response (Y-variable) and the others were used as factors (X- variables), see Table 3. The 

results were shown in loading scatter, score scatter, VIP and coefficients plots.  

To focus on the relation between different factors and mould growth on thermally modified Scots pine, 

PLS model of thermally modified Scots pine was done. In this model, kiln-dried observations were 

excluded.  

Table 3. Description of the variables. 

Variables Description 

1. Fast_TM Thermally modified wood with fast drying schedule (0/1) 

2. Slow_TM Thermally modified wood with slow drying schedule (0/1) 

3. Fast_Kiln Fast kiln drying schedule (0/1) 

4. Slow_kiln Slow drying schedule (0/1) 

5. S_Board Sapwood board (0/1) 

6. P_Board Pith board (0/1) 

7. Density The density of the dried test piece (kg/m3) 

8. MC_Before MC before incubation (%) 

9. MC_After MC after incubation (%) 

10. MC_Diff MC difference between MC_Before and MC_After (%) 

11. A_Pos Board A (0/1) 

12. B_Pos Board B (0/1) 

13. C_Pos Board C (0/1) 

14. D_Pos  Board D (0/1) 

15. OUTER The outer surface (0/1) 

16. INNER The inner surface (0/1) 

17. Mould Grade Mould grade after the mould test (0-6) 

 

7. Result and discussion 

7.1 Mould growth 

After incubation, mould growth on the sapwood area of the outer and inner surface of the test pieces 

was graded by "Rating scale for assessment of mould growth".  

It is remarkable that the mould fungus Paecilomyces variotii was found as a dominant mould species on 

both kiln dried and thermally modified test pieces even though this mould species was not used in this 

study. The contamination of P.  variotii might occur due to living spores of this mould fungus are still 

remained in the membrane of study boxes from the previous study and they started to grow when 

conditions became favourable under the incubation period. Fungi can survive under unfavourable 

conditions and the ability to tolerate fluctuating conditions varies between species (Park, 1982).  

The competition and reaction between mould species might be the reason for P.  variotii to be a dominant 

mould which was found on the test pieces in this study. Fojutowski et al, (2014) studied the growth of 

Paecilomyces variotii fungus on salt-agar medium and on natural and chemically preserved wood. They 

found that P.  variotii showed a higher growth rate compare to Aspergillus niger in a double-species test 
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on salt-agar medium. Furthermore, their result revealed that P.  variotii grew very fast and completely 

covered the surface of the nutrient medium in Petri dishes and untreated Scots pine already in the first 

five days of the experiment. 

According to the SEM study, mycelia with well-developed conidiophores and conidia of Paecilomyces 

variotii were found covering the entire surface of kiln-dried sample with one conidium of Aspergillus 

niger, Figure 19. Whereas, only sparse mycelia and a few conidiophores of Paecilomyces variotii were 

found on thermally modified sample, Figure 20. The difference of growing behaviour of mould on the 

surface of thermally modified and kiln dried sample from the SEM study revealed that mould fungi can 

grow better on kiln dried Scots pine than that with thermally modified in the short-term mould test with 

mould types used in this study. 

       

Figure 19. The SEM photo of mould growth on the surface of kiln-dried Scots pine with 200X magnification. Mycelia with 

well-developed conidiophores of Paecilomyces variotii cover the entire surface (left). Conidium of Aspergillus niger (1) and 

Paecilomyces variotii (2) on the surface of kiln-dried Scots pine with 1000X magnification (right). 

      

Figure 20. The SEM photo of mycelia and conidiophores of Paecilomyces variotii on the surface of thermally modified Scots 

pine with 500X magnification (left and right). 

The example of each mould grade and the number of surfaces with each mould grade from this study is 

shown in Figure 21. 
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Figure 21. The examples of mould grade 0 to grade 6 and the number of surfaces with each mould grade of kiln-dried  

(upper row) and thermally modified Scots pine (bottom row).      

7.2 Comparison of average mould grade between kiln dried and thermally 

modified Scots pine  

Kiln dried Scots pine showed significantly higher average mould grade compare to the thermally 

modified one, see Figure 22. Considering the practical usefulness of board according to “Rating scale 

for assessment of mould growth”, there were 7 test pieces of thermally modified Scots pine with mould 

grade level 4-6, which are classified as unacceptable for use, whereas there were 58 test pieces of those 

with kiln dried, Figure 21.This result is in agreement with the previous studies mentioned in the 

background, which found that thermal modification improves the biological durability of wood (Bekhta 

and Niemz 2003; Kamdem and Jermannaud, 2002; Kortelainen and Viitanen 2009; Kortelainen and 

Viitanen, 2017; Severo et al., 2016; ThermoWood, 2003).  

 

                

Figure 22. Bar diagram of average mould grade of kiln-dried and thermally modified Scots pine, with 95% confidence interval, 

n=144. 



 

27 
 

7.3 Comparison of average mould grade between kiln dried and thermally 

modified Scots pine with the division of drying schedule 

Thermally modified Scots pine of slow kiln dried (Slow_TM) showed the lowest average mould grade 

after with Thermally modified Scots pine of fast kiln dried (Fast_TM), fast kiln dried (Fast_kiln) and 

slow kiln dried (Slow_Kiln) Scots pine. The average mould grade was at the level of 1.8, 1.9, 3.2, and 

3.5 respectively, see Figure 23. 

                

Figure 23. Bar diagram of average mould grade between kiln dried and thermally modified Scots pine with the division of 

drying schedule, with a 95% confidence interval, n=72. 

Faster kiln drying schedule provokes a higher sugars and nitrogenous compounds toward the surface of 

the wood and makes the wood more susceptible to mould growth compared to the slow drying schedule 

(Terziev,1995; Terziev et al,1993: Terziev et al., 1996; Theander et al., 1993; Sehlstedt-Persson, 2011). 

In this study, Fast_Kiln Scots pine showed somehow lower average mould grade compared to the  

Slow_ kiln one which did not correspond to the results from previous studies mentioned above. The 

surface planing might be the reason. Since the test pieces were planed off 2 mm from all surfaces before 

incubation, this surface planing has taken away the nutrients which migrated to the wood surface during 

the drying process and reduced the mould susceptibility of industrial kiln-dried lumber (Sehlstedt-

Persson et al., 2013; Terziev et al.,1996).  

Terziev et al (1993) studied the influence of drying schedules on the redistribution of Low-Molecular 

Sugars in Pinus sylvestris L. by drying 50 mm thick Scots pine planks using fast and slow drying 

schedule. They found a greater amount of sugars at 1-2 mm under the surface of the planks after the 

slow kiln dried planks compared with the fast kiln dried. Furthermore, the ratios of sugar content at  

0-1mm/1-2 mm of the slow drying was higher than those of the fast drying. Sehlstedt-Persson et al., 

(2016) found that planing off at least 1.5 mm. from the surface of kiln-dried sapwood of Scots pine and 

Norway spruce would be sufficient to get the acceptable practical usefulness of the board.  

Fast_TM and Slow_TM showed somehow similar average mould grade. It could be assumed that neither 

fast nor slow kiln drying schedule before thermal modification has a significant impact on durability 

against mould attack of thermally modified Scots pine. The degradation of nutrients in wood during 

thermal modification might be the reason. Although the difference of nutrient contents on the surface of 

wood due to different kiln drying schedules seems to have an impact on mould resistance on kiln dried 

wood as mentioned above, high temperature during thermal modification process might 

degrade/decompose the migrated nutrients and resulted in similar mould resistance in Fast_TM and 

Slow_TM.  



 

28 
 

Karlsson et al., 2012 studied the influence of different heat treatments on the presence of saccharides 

and their degradation products such as furfural and 5-hydroxymethylfurfural (HMF) in sapwood surface 

of dried Norway spruce. They found that most of the enriched saccharides which were migrated to the 

wood surface were degraded at 130°C and with a lower extent at 110°C. In case of thermally modified 

wood, Karlsson et al., 2012 studied the formation of furfural and HMF in thermally modified Norway 

spruce, silver birch and Scots pine under superheated and saturated steam conditions. They found only 

a low amount of monosaccharides in water-leachate on the dried wood of thermally modified Scots pine 

treated at 212°C under superheated steam condition. Considering thermal decomposition of 

monosaccharides, Raemy and Schweizer, (1983) found that at a heating rate of 1°C/min, D-fructose, D-

glucose, and sucrose began decomposing at 170°C, 200°C, and 190°C respectively. This strengthens the 

hypothesis that soluble sugars which migrated to the surface of wood under the drying process have 

degraded/decomposed during high-temperature treatment of the thermal modification process. 

7.4 Comparison of average mould grade between the inner and outer surface 

without division of sapwood and pith board 

Considering average mould grade on the outer and inner surface of kiln-dried Scots pine, the outer 

surface of Slow_Kiln showed the highest average mould grade after with outer surface of Fast_Kiln, the 

inner surface of Slow_Kiln and the inner surface of Fast_Kiln with average mould grade level of 3.8, 

3.4, 3.1 and 3.0 respectively.  

The inner and outer surface of Fast_TM showed similar average mould grade at mould grade level of 

1.9. The inner and outer surface of Slow_TM showed similar average mould grade at mould grade level 

of 1.8, see Figure 24.  

The fact that the outer surface of kiln-dried Scots pine, of both fast and slow kiln drying, showed 

somehow higher average mould grade compared to the inner surface is probably caused by the higher-

enriched nutrients on the outer surface, due to the migration of nutrients from the inner part of wood to 

the surface during the drying process, compared to the inner surfaces. Terziev et al (1993) found a very 

small amount of low-molecular sugars at a depth of 25—26 mm under the surface of 50 mm thick kiln-

dried Scots pine planks (20 times lower than on the surface for fast kiln drying and 15 times lower for 

that with slow kiln drying).  

As described in the materials and methods part, Scots pine boards were dried thereafter they were split 

into sapwood and pith board at the half of their thickness before thermal modification according to 

industrial practice. The inner surface of test pieces means the surface which situated in the middle of the 

board (approximately 25 mm under the surface) during drying, in which most of the nutrients had 

migrated to the outer part during the early stage of the drying process, see Figure 9. Thus, a higher 

mould grade is expected to be found on the outer surface compared to the inner surface. 

The similarity of average mould grade on the inner and outer surface of thermally modified test pieces 

is probably due to the lack of nutrients on both surfaces which caused by the degradation/decomposition 

of the nutrients during the heat treatment process, as mentioned in rubric 5.5 above. 

Based on the result of average mould grade between the inner and outer surface without division of 

sapwood and pith board and concerning the fact that the kiln dried boards were split at the half thickness 

before heat treatment, it could be assumed that the inner and outer surface of the board has a certain 

impact on the development of surface mould growth of kiln-dried Scots pine but not on the thermally 

modified one. 
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Figure 24. Bar diagram of average mould grade on the outer and inner surface without division of treatment, with 95% 

confidence interval, n=36. 

7.5 Comparison of average mould grade between kiln dried and thermally 

modified Scots pine with the division of board side and surface      

The outer surface of sapwood board of slow kiln dried Scots pine (Outer_Sap/Slow_kiln) showed 

significantly higher average mould grade compared to all the groups except the outer surface of sapwood 

board of fast kiln dried (Outer_Sap/Fast_Kiln). 

There was no statistically significant difference in average mould grade between any of the groups 

among thermally modified wood, see Figure 25. 

The result of statistic significant test at 5% significant level of average mould grade between kiln dried 

and thermally modified Scots pine with the division of board and surface is shown in Table 4. 

                

Figure 25. Bar diagram of average mould grade of kiln-dried and thermally modified Scots pine division of board and surfaces, 

with 95% confidence interval, n=18.    
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Table 4. The result of statistic significant difference test at 5% significant level of average mould grade between kiln dried 

and thermally modified Scots pine with the division of board and surface. X = no statistically significant difference, O = 

statistically significant difference. 

  Fast_Kiln Slow_Kiln Fast_TM Slow_TM 
  Outer 

Sap 
Inner 
Sap 

Outer 
Pith 

Inner 
Pith 

Outer 
Sap 

Inner 
Sap 

Outer 
Pith 

Inner 
Pith 

Outer 
Sap 

Inner 
Sap 

Outer 
Pith 

Inner 
Pith 

Outer 
Sap 

Inner 
Sap 

Outer 
Pith 

Inner 
Pith 

 
 

Fast 
Kiln 

Outer 
Sap 

                
Inner 
Sap 

X                
Outer 
Pith 

X X               
Inner 
Pith 

X X X              

 
Slow 
Kiln 

Outer 
Sap 

X O O O             
Inner 
Sap 

X X X X O            
Outer 
Pith 

X X X X O X           
Inner 
Pith 

X X X X O X X          

 
Fast 
TM 

Outer 
Sap 

O X X O O O X X         
Inner 
Sap 

O O O O O O O O X        
Outer 
Pith 

O O O O O O O O X X       
Inner 
Pith 

O X X X O X X X X X X      

 
Slow 
TM 

Outer 
Sap 

O X O O O O O O X X X X     
Inner 
Sap 

O O O O O O O O X X X X X    
Outer 
Pith 

O O O O O O O O X X X X X X   
Inner 
Pith 

O X O O O O X X X X X X X X X  

 

7.6 Monosaccharides analysis 

The GC-MS analysis showed that monosaccharides were not found in the extracts from thermally 

modified Scots pine, where GC-MS chromatogram showed only the peak of the added standard sugar 

at RT ~ 3.8 min. Smaller peaks of oxidised malic (RT ~ 1.7 min) and arabinoic (RT ~ 3.4 min) acids 

were tentatively identified by comparison with mass library data, Figure 26. 

In contrast, Arabinose (RT ~ 3 min), xylose (RT ~ 4 and 4.8 min), mannose (RT ~ 5.5 min), fructose 

(RT ~ 5.8 min), galactose (RT ~ 6.3 min), glucose (RT ~ 7.3 and 9.2 min) were found in kiln dried Scots 

pine samples. An example of GC-MS chromatogram of kiln-dried Scots pine is shown in Figure 27, 

where arabinose, galactose and glucose were found. 

This result strengthens the observation that monosaccharides which migrate toward the surface of the 

wood during drying might have totally degraded during thermal modification process as mentioned in 

rubric 5.3 above. In addition, the presence of mono sugars in kiln dried Scots pine could also support 

the result of a higher average mould grade on kiln dried Scots pine compared to the thermally modified 

one. 

 

 

Figure 26. GC-MS Chromatogram of thermally modified Scots pine. 
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Figure 27. GC-MS Chromatogram of kiln-dried Scots pine. 

The result of a total amount of monosaccharides which were found at different depths of kiln-dried Scots 

pine board is shown in Figure 28. A higher content of monosaccharides was found on the outer surface 

compared to the inner surface of kiln-dried samples. In addition, the outer surface of fast kiln dried 

showed the higher content of monosaccharides compared the slow kiln dried one. In contrast, higher 

content of monosaccharides was found in the inner surface of slow kiln dried than that with the fast kiln 

dried. 

Compared the monosaccharides content in Figure 28 to average mould grade on the inner and outer 

surface of test pieces in Figure 25, the results were somehow in agreement to each other. Considering 

a total amount of monosaccharides in the 9th layer, which correspond the surface of test pieces after 

planing, it showed that the Outer_Sap/Slow_kiln with the highest monosaccharides content in the the 

9th layer showed the highest average mould grade. Also, the Outer_Sap/Fast_Kiln with the second 

highest monosaccharides content was the second highest average mould grade. 

However, this result should be seen as an indication and interpreted with caution since there was only 

one observation for each sample. 

    

 

Figure 28. Diagram of the distribution of mono sugars in nine different layers under the inner and outer surface of sapwood 

and pith board of fast and slow kiln dried Scots pine, where: A = outer surface of sapwood board, B = inner surface of pith 

board, C = inner surface of pith board, D = outer surface of pith board. 
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7.7 Density  

The average ρ00 of fast (Fast_Kiln) and slow kiln dried (Slow_Kiln) Scots pine was 430.7 and  

425.3 kg/m3 respectively whereas thermally modified of fast (Fast_TM) and slow kiln dried (Slow_TM) 

Scots pine showed average ρ00 of 396.15 and 394.39 kg/m3 respectively, see Figure 29. 

The ρ00 of thermally modified Scots pine in this study was relatively lower than that with kiln dried and 

it is in agreement with previous studies outlined in the background which stated that thermal 

modification results in reduction of density of wood (Callum, A.S. Hill., 2006; Gunduz et al., 2009; 

Korkut and Bektaʂ, 2008; Moliński et al., 2016; ThermoWood, 2003) and this is mainly due to the 

changes of the sample mass and volume during the treatment (Callum, A.S. Hill., 2006; ThermoWood, 

2003).  

                 

Figure 29. The bar diagram of the average ρ00 of fast kiln dried (Fast_Kiln), slow kiln dried (Slow_Kiln), thermally modified 

of fast kiln dried (Fast_TM) and slow kiln dried (Slow_TM) Scots pine with 95% confidence interval, n=36.  

7.8 Moisture content (MC) 

Average MC before incubation of Fast_Kiln and Slow_Kiln was at 14.0%.  Meanwhile, the average MC 

of Fast_TM and Slow_TM was at 4.1 and 3.9% respectively.  After incubation, the average MC of the 

test pieces was significantly higher than the average MC before incubation, Figure 30.   

The MC after incubation was increased due to several factors. The first one is the climate condition in 

the climate chamber because wood is hygroscopic, and the MC of wood depends on the surrounding 

environment (Time, 2002; Simpson, 1998). In this study, the condition in the climate chamber under the 

incubation was approximately 27 °C of temperature and at 95% of RH which correspond to 

approximately 24% of Equilibrium Moisture Content (EMC). The exceeded MC of kiln-dried test pieces 

over the EMC in the climate chamber might be the influence of mould growth in the wood. Blom and 

Bergström (2005) stated that MC in mouldy wood may increase since mould have an ability to bind 

water and cause a higher MC near the surface, and consequently, they can make the wood more 

susceptible to other fungi. 



 

33 
 

                 

Figure 30. The bar diagram of the average MC before and after incubation of fast kiln dried (Fast_Kiln), slow kiln dried 

(Slow_Kiln), thermally modified of fast kiln dried (Fast_TM) and slow kiln dried (Slow_TM) Scots pine with 95% confidence 

interval, n=36.  

7.9 PLS analysis 

PLS modelling of the mould dataset resulted in a two components model. The model described 33.2% 

in variability in X and 45.2% in Y with prediction power 41.2%.  

According to PLS loading plot (Figure 31) and PLS coefficients plot (Figure 32), Inner surface showed 

the strongest negative correlation to mould grade after with Slow_TM and Fast_TM respectively. In 

contrast, MC_Before showed the strongest positive correlation to mould grade after with MC_After, 

Slow_kiln and Outer_surface respectively.  

PLS VIP plot (Figure 33) reveals that MC_Before showed the strongest correlation to mould grade after 

with MC_After, Slow_kiln, Slow_TM and Fast_TM respectively. This means that mould grade varies 

more with MC before incubation than with any other X variable. 

Presence of the observations in PLS score plot (Figure 34), which a cluster of Slow_TM and Fast_TM 

situated on the left-hand side of the plot and on the opposite side with a cluster of Slow_Kiln and 

Fast_Kiln, confirmed that thermally modified test pieces had a lower average mould grade compared to 

the kiln dried one. 

Also, PLS score plot in Figure 35 shows that the observations with higher MC before incubation had 

higher average mould grade compared to the one with lower MC. 

According to the results from PLS analysis, it is concluded that thermally modified Scots pine had better 

durability against mould attack compared to the kiln dried one. The higher MC before incubation 

consequence in higher mould grade. 
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Figure 31. PLS loading plot. 

                  

Figure 32. PLS coefficients plot. 

                  

Figure 33. PLS VIP Plot 
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Figure 34. PLS score scatters plot with the observations coloured according to observation ID treatment. 

                  

Figure 35. PLS score scatters plot with the observations coloured according to observation ID MC_Before. 

To focus on the relation between the different factors and mould growth on thermally modified Scots 

pine, PLS modelling of the mould dataset for the thermally modified material was done. The PLS 

analysis resulted in one component model which described 48.5% in variability in X and 14.0% in Y 

with prediction power of 7.1%. However, the second component was added to visualizing the results. 

The PLS analysis confirmed that the fast and slow kiln drying before thermal modification had a low 

impact on the mould grade according to their presence in the PLS loadings plot Figure 36 and PLS 

coefficient plot Figure 37. The PLS loading plot and PLS coefficient plot also present that the outer 

surface and C_Pos showed a strongly positive correlation with mould grade meanwhile inner surface 

showed a strongly negative correlation after with D_Pos. More evidence is shown in PLS scores plot 

(Figure 39) which the observations of Fast_TM and Slow_TM were found obviously mixed on the plot. 

PLS VIP plot (Figure 38) reveals that an outer surface and inner surface had the strongest relation to 

mould grade of thermally modified Scots pine after with D_Pos, MC_Diff and C_Pos respectively. In 

contrast, A_Pos showed the weakest relation to mould grade in this model after with Slow_TM and 

Fast_TM respectively. This means that mould grade of thermally modified Scots pine varies more with 

outer and inner surface than with any other X variable. Moreover, fast and slow kiln drying schedule 

had a considerably low impact on the model. 
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The results from PLS analysis strengthen the observation that neither fast nor slow kiln drying of wood 

before thermal modification had a significant impact on the mould resistance of thermally modified 

Scots pine. 

                  

Figure 36. PLS loading plot for the model of mould grade on thermally modified Scots pine. 

                  

Figure 37. PLS coefficients plot for the model of mould grade on thermally modified Scots pine. 
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Figure 38. PLS VIP plot for the model of mould grade on thermally modified Scots pine. 

                   

Figure 39. PLS score scatters plot (for the model of mould grade on thermally modified Scots pine) with the observations 

coloured according to observation ID treatment.    
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8. Conclusions 

The results from this study showed that;  

• Neither fast nor slow kiln drying before thermal modification has a significant impact on mould 

resistance of thermally modified Scots pine. This result would be good from an industrial point 

of view, as it seems uncritical which drying process is done before the thermal modification 

process.  

• Thermally modified Scots pine showed significantly better mould resistance compared to the 

kiln dried one, in short-term mould test with moulds types used in this study.  

• No water-soluble monosaccharides were found in thermally modified Scots pine, whereas 

arabinose, glucose, xylose, mannose, fructose and galactose were found in kiln dried Scots pine. 

There is a tendency for the monosaccharide content to be higher at the outer surfaces of the kiln 

dried board than in the inner surface. The outer surface of fast kiln dried showed a higher content 

of monosaccharides compared to the slow kiln dried one. In contrast, higher content of 

monosaccharides was found in the inner surface of slow kiln dried than that with the fast kiln 

dried. However, this result should be seen as an indication and interpreted with caution since 

there was only one observation for each sample. 

9. Future aspect      

The results in this thesis showed no significant impact of the fast and slow drying before thermal 

modification on mould resistance of thermally modified Scots pine. However, to get more understanding 

about the influence of different drying schedule before thermal modification on mould resistance of 

wood the similar experiment should be conducted with; 

• investigation of the distribution of monosaccharides and their thermal degradation products in 

the wood after kiln drying and heat treatment. 

• making a regular assessment of mould growth during the test by observing mould growth rating 

every 7 days to determine the continuous growth of mould in wood under the period of time. 
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