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Abstract

This master thesis deals with two aspects related with heat treatments of spruce and pine wood 

under pressurized conditions. Mechanical behaviour of wood is examined both by scanning 

techniques of materials coming from the industry and from experimental research. Those 

experiments were also used to study some basic chemical characteristics regarding the formation of 

acids during the process.

With the aid of a CT-scanner we could see the relationship existing between the high moisture 

content of the wood prior to treatment and the appearance of high number of internal cracks. The 

number of knots in that specific area, the existence of a crack in the surface of the board and the 

pith being within the cross section are factors that were studied studied as well but no correlation 

between them and the presence of cracks was found. Slight differences were found between pine 

and spruce though. It was found that several parameters of the process were not kept stable from 

one process to another and it could have affected wood's behaviour as well. Temperature and 

pressure, for instance, were not equalized to the exterior conditions before extracting the boards 

form the autoclave and it could cause strong stresses driving to crack formation.

In order to study the effects of thermal modification with controlled conditions a set up of 

experiments was designed. The aim is to study interactions between time, temperature and moisture 

content of two different wood species (pine and spruce) regarding the changes in acidity, colour and 

mechanical resistance after a heat treatment in a closed vessel. The most important process' 

parameters for the intensity of the treatment are temperature and time, and the former showed more 

importance than the latter. Higher temperature, longer time, higher moisture content and larger 

difference between the moisture content before and after the treatment have different degrees of 

positive correlation with the amount and concentration of acid equivalents, with wood colour 

(darkening) and with mechanical properties (weakening). Nevertheless the results of these 

experiments showed high degrees of uncertainty, probably due to systematic errors like for instance 

the small size of the samples, which was conditioned by the small size of the autoclave available for 

the experiments. Those trends were seen in the different statistical models developed in SIMCA 

software (Principal components analysis and projection to latent structures) and MODDE software 

(Projection to latent structures) but few of the relations between predictors and responses were 

made with statistical significance, showing the need for further research in this field.
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Introduction

From the very beginning of times we used wood as a construction material and as combustible for 

being accessible and easy to manage. But one of the main problems that we have had through the 

history when using wood is how to preserve it from water uptake. A moisture content of 20% in 

wood creates the appropriate conditions for micro-organisms to grow and degrade the material. It 

has still nowadays not been found an optimal way to preserve wood against the degradation derived 

from its exposure to water and humidity. This is a big topic of research all around the world as long 

as a big margin for improvement still exists.

Among all the preservation methods that exist heat treatment of wood is a relatively new process 

that increases wood durability based on the reduction of free hydroxyl groups through thermal 

degradation of hemicellulose (Boonstra & Tjeerdsma, 2006) . Wood is formed by three major 

polymeric materials: cellulose, hemicellulose and lignin; as well as by extractives, a group which 

includes many substances that may also be present in wood (Sjöström, 1981; Dinwoodie, 2000). 

Among those components hemicellulose is the most important one when it comes water uptake and 

equilibrium moisture content (EMC) of the wood. Hemicellulose is a branched molecule with no 

crystalline structure and a high number of free hydroxyl groups where water could eventually bond, 

increasing the moisture content (MC) of wood and generating the conditions for micro-organism 

growth. Such degradation would start above 20% MC (Dinwoodie, 2000). In the other hand 

hemicellulose is the main wood component that would degrade in first place due to high 

temperature exposure, besides some extractives, fats and fatty acids (Esteves, Videira & Pereira, 

2009). Such degradation would already start at 150ºC under atmospheric pressure (Finnish 

Thermowood Association, 2003; Sundqvist, 2004). Heat treatment of wood is a technology 

developed from the combination of this two ideas. After heat treatment wood would suffer a 

reduction on the number of hydroxyl groups (Windeisen, Strobel & Wegener, 2007). As 

hemicellulose is a molecule with relatively high content in hydroxyl groups, its degradation would 

contribute very much to the reduction in the number of those. If wood is subjected to high 

temperatures, hemicellulose would degrade and the number of available hydroxyl groups would be 

reduced driving to a reduction in EMC. With a lower EMC, micro-organisms would not be able to 

live and durability of the rest of wood components would be increased.

We could say here that there are two major problems to consider: first of all, wood is not only 

anisotropic but also very heterogeneous material; that is something widely known and the basis for 

almost any research based on wood. This fact influences very much the use of the material because 

it is virtually impossible to get two pieces of wood with identical composition. The second problem 
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is that wood subjected to as high temperatures as to degrade hemicellulose, would start to suffer 

from degradation of other components at least to some extent, creating big stresses and provoking 

undesired effects in the final product. The combination of this two issues makes heat treatment of 

wood a process difficult to manage and far away from any infallible formula. Part of the 

transformation that undergoes in wood when it is thermally modified is known, but still some of the 

changes that occur are not fully understood. It is needed to take into account that heat treatments of 

wood are very new technologies and, even though there are products already in the market, it is still 

developing. In that sense the different processes for heat treatments need to be studied in order to 

get closer to a fully understanding of the modifications and the reasons causing them.

There have been heat treated products in the market since some ten years ago, when Thermowood 

was released as commercially viable products. Many other methods have also being developed from 

research level all the way up to the market. One of these other new methods that are already in the 

market was developed in Denmark and is called WTT (Wood Treatment Technology) and is the 

basis of the research showed in this Master Thesis.

The WTT process is based on the heat treatment of wood in an autoclave with temperatures around 

170ºC and under pressurized conditions (Figure 1). Pressure could be as high as even 10 bar. The 

process is not completely closed because some gas exchange occur with the aim of getting rid of the 

excess of water vapour formed, but it is far away from being an open process.

5

Figure 1: Temperature and pressure during a WTT treatment.
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Products coming from this process had presented some problems due to excess of internal cracks, 

which means defects when it comes to sell the product in the market. 

The main objective of the work done for this thesis is to get a better understanding of the 

interactions between some parameters of the process and physical and mechanical properties of the 

heat treated wood. The first part of this study will continue with the work done by myself in the 

Wood Project course within the Wood Technology Master's Program to which this thesis belong. 

Materials came from Termo Plus i Arvidsjaur AB, a company located in Arvidsjaur (northern 

Sweden) and who owns one of the equipments for WTT treatment. Sample boards were scanned 

and inspected in order to try to find relationships between the process parameters and the internal 

cracks that are present in the final product. Analysis of the data which corresponds to the scanning 

of the boards was done using traditional statistics, as long as there were few relevant variables and 

responses.

The second part of this thesis tries to go further on the research of thermal modification of wood 

under pressurized conditions at lab scale, considering some basic physical and chemical parameters. 

The work deals with the development of the experimentation system, the design of the experiment 

(DoE) and the interpretation of the results through multi-variate data analysis (MVDA).

Theory

Since the late nineteen hundred century there has been active scientific research about wood 

deterioration and it has gradually progressed from a simple quantification of mass losses to much 

deeper studies of the nature of decay (Zabel & Morrell, 1992). The most extended way of protecting 

wood has always probably been the use of various chemical compounds, from very primitive 

techniques involving mercuric and zinc chloride in the 18th century to more recent technologies 

using for instance pentachlorophenol or chromate-copper-arsenate. During the last decades 

concernings about environmental and health issues led to serious restrictions in the use of such 

chemicals in many countries all over the world (Freeman, Shupe, Vlosky & Barnes, 2003). 

Nevertheless, research with the aim of avoiding the use of toxic or contaminant chemicals was done 

as long time ago as in 1915, when Tiemann published the first work reporting on the effect of high-

tempearture treatment upon the physical properties of wood, finding a reduction in the moisture 

sorption of 10-25% as well as some reductions in strength (Hill, 2006). All the research in this field 

carried out since then drove to the development of heat treated wood as a commercial product not 

so many years ago. Different technologies were developed like the Thermowood process in Finland, 

the Plato process in Netherlands and the Perdure and Rectification processes in France, which will 

further on be described together with the WTT process developed in Denmark.
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Wood is mainly constituted of cellulose, hemicellulose and lignin which are the building elements 

of wood ultrastructure. Cellulose, in the form of microcristals, is the main structural element in the 

cell wall and it's surrounded by other substances functioning as matrix (hemicelluloses) and 

encrusting (lignin) materials (Fengel & Wegener, 1989; Hill, 2006). There are many other 

substances in wood that may be present in very small proportion with no structural function and 

they are referred to as extractives. Among these we can find resin acids, fats, terpenes, phenolic 

compounds, tannins, salts, etc (Hill, 2006). With such complex and heterogeneous formula –wood is 

always heterogeneous– it is very difficult to fully understand the chemistry of thermal modification. 

Nowadays it is a big topic of research in the field of study of wood technology. 

Wood's most hygroscopic component is hemicellulose due to it's branched structure, the high 

amount of free hydroxyl groups and the lack of a crystalline structure (Tjeerdsma, Boonstra, Pizzi, 

Tekely & Militz, 1998; Time, 1998; Dinwoodie, 2000). In the other hand, hemicellulose is the most 

thermally labile of the wood polymeric components. Up to a temperature of 100ºC with 24 hours' 

heating, wood structure is chemically stable. Above this temperature hemicellulose content in wood 

decreases, while cellulose remains stable up to 150ºC in its amorphous region and up to 300 in its 

crystalline region (Esteves et al., 2009; Hill, 2006). Lignin is the most thermally stable component 

of the cell wall, it remains stable up to 180ºC (Windeisen et al., 2007). Nevertheless, some of the 

evidence is contradictory and some minor thermal degradation occur to cellulose and lignin at lower 

temperatures (Hill, 2006). Extractives behave very differently under high temperatures. At 100º 

some extractives will already migrate to the surface of wood (as fats and waxes), others will be no 

longer detectable with treatments above 200ºC (as resin acids) and some others are still found after 

treatments at 230ºC (as some volatile organic compounds) (Hill, 2006). Extractives comprises such 

a high range of substances that it makes it difficult to classify them regarding thermal degradation. 

The importance of native extractives seems to be somehow minor for strength and EMC.

The chemical reactions that occur during the heat treatments are complex and very different 

depending on the material and process parameters. After the work carried out by Tjeerdsma et al. 

(1998), Boonstra and Tjeerdsma in 2006 studied the chemical changes in wood during a two-stage 

heat treatment where they found that the presence of water and pressure during the treatments has a 

strong effect in the chemical reactions occurring. They concluded that the presence of water and 

pressure has the effect of increasing the depolymerisation of the hemicelluloses and hydrolysis 

cleavage of acetic acid from their acetyl groups. This latter characteristic of heat treated wood might 

neutralize the alkaline hardeners used for glueing of wood with phenol-resorcinol-formaldehyde 

resins and hinder the adhesive hardening (Pizzi, 1983). The chemical changes may affect in 

different ways depending on the different adhesives used in wood, sometimes the adhesion is worse 
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after treatment for some adhesives, but in other cases the reduction of this property is very low and 

requirements for standards can still be fulfilled (Sernek, Boonstra, Pizzi, Despres & Gérardin, 

2008). Using the CHNO analysis Boonstra and Tjeerdsma (2006) went further on the chemical 

analysis. They found an increase in the amount of the C-content and the decrease in H-, N- and O-

content, which as they interpret, could be a result of dehydration of the carbohydrates to yield 

aldehydes, cleavage of acetic acid from hemicellulose and other condensation reactions. Some of 

these chemical reactions occurring during the treatments are found in different research works, but 

the big variability in the parameters that are used for the processes makes it difficult to find 

common explanations. The chemical processes are very different for the different treatments, as we 

can see following the existing literature. 

It is known that, in processes of heat treatment, liberation of acids exist. Acetic and formic acid are 

the main acids formed. Appearance of such acids occur under different conditions and the presence 

of water during the treatment has an important increasing effect on such acid liberation (Alen, 

Kotilainen & Zaman, 2002; Boonstra & Tjeerdsma, 2006; Esteves and Pereira, 2009). When it 

comes to research about the chemistry of heat treated wood, acidity and pH are very often 

considered important parameters to take into account. The importance of the acidity in heat treated 

wood is due to the big influence of the acidity level and pH of wood regarding final use aspects like 

the corrosion of metals that might be in contact with wood or the slower hardening of alkaline 

adhesives (Dinwoodie, 2000; Pizzi, 1983; Sernek et al., 2008). Windeisen, Strobel, and Wegener 

(2007) found that water extract of Beech, for instance, has a pH lower than 4, which is related with 

the fact pointed out above that cleavage of acetyl groups into acetic acid. According to Rowel 

(1984) pH values between 2 and 10 are appropriate for wood, as long as values out of that range 

could degrade wood fiber greatly over short periods of time at low temperature. Acidity levels of 

heat treated wood can also be a good indicator of the degradation level of wood components as long 

as acids promote such degradation (Sundqvist, 2004). 

Mechanical properties are also affected by heat treatment and the behaviour of heat treated wood 

differs very much from the behaviour of non treated wood (Bekhta & Niemz, 2003). As wood has 

traditionally been used as structural building elements it is very important to consider the 

mechanical properties of heat treated wood in order to evaluate such uses for wood products. 

Already in the first published guides for Thermowood it was pointed out that the material should 

not be used for structural purposes (Finnisth Termowood Association, 2003).  Two very important 

stages for that matter during any heat treatment method, as in wood drying, are heating and cooling 

periods. If those stages are not correctly performed it could result in an unacceptable amount of 

internal checks, reason why they need to be carefully controlled with special adjustment treatments, 
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according to Jämsä and Viitaniemi (2001). They studied such properties for heat treated wood under 

the Thermowood parameters and they concluded a worsening in the mechanical properties. They 

claimed at that moment that the general behaviour would be that “the higher is the treatment  

temperature the better is wood’s biological durability but at the same time more weakened are  

wood’s mechanical properties”. That is something that has been confirmed for almost any heat 

treatment so it still nowadays applies. Recent research points to the possibility of specific changes 

in hemicellulose, cellulose and/or lignin being the chemical reasons for the worsening of the 

mechanical properties of heat treated wood. Nevertheless no specific conclusions were pointed out 

and more research was found necessary, including precise mechanical testing and detailed chemical 

analysis on wood specimens treated in various temperature-moisture conditions (Boonstra, Van 

Acker, Tjeerdsma & Kegel, 2007). Formic and acetic acid formation during the treatments is 

strongly related to losses in mechanical properties of heat treated wood, as long as such acids act as 

catalysts of carbohydrate chains degradation (Sundqvist, Karlsson and Westermark, 2004). If 

formation of such acids could be controlled during the process it would open a door to improve 

mechanical properties of heat treated wood, which could be also related to formation of internal 

cracks in spruce boards under the WTT parameters.

Even though it has always been accepted that mechanical properties of wood do not benefit from 

heat treatment, Boonstra et al. (2007) found that, beside the decrease in tensile strength parallel to 

the grain and in impact strength, compressive strength parallel to the fibre increased after a 

relatively soft two stage heat treatment. They concluded that since MOE is probably the most 

critical parameter to consider when dealing structural elements for construction, higher stiffness 

results in lower deflection for a given load, so heat treatment appears to have still some potential for 

constructive applications.

One other interesting consequence of heat treatments is the change in wood color. Not only because 

of the change in color itself but also because it could be related to other properties ( Johansson, 

2005; Dagbro, 2010). Sundqvist (2004) studied the colour changes and acid formation during heat 

treatment of wood. Acid formation was here studied with an approach regarding its relation to the 

decrease of mechanical strength of birch wood. The author claims that if wood was treated in such a 

process that would keep it in neutral to alkaline conditions, the mechanical properties of the final 

product could be very much improved.

Both mechanical failures (like the ones leading to the formation of internal cracks) and acidity 

levels are two aspects connected as long as the former comes from degradation of the main wood 

constituents and acidity levels partially have their origin in degradation of carbohydrate chains like 
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cellulose and hemicellulose (Boonstra et al., 2007).

According to Hill, 2006 the physical and biological consequences of all the chemical changes in 

wood due to thermal modification can be summarize as:

• Darkening of the colour

• Reduction in mass and decrease in volume

• Decrease in the degree of crystallinity 

• Reduction in strength, toughness and abrasion

• Slight increase in MOE with short times, decrease with longer times

• Reduction in MOR

• Increase in microporosity for temperatures above 180ºC

• Increase in dimension stability

• Reduction in hygroscopicity

• Reduction in the wettability

• Improvement in resistance to biological attack

• Reduction in resistance to insect attack (specially steam heat treatments)

Nowadays in Europe there are at least seven different heat treatments according to the review 

Esteves and Pereira published in 2009: one in Finland (Thermowood), one in Holland (Plato Wood), 

one in Germany (OHT-Oil Heat Treatment), two in France (Bois Perdure and Rectification), one in 

Denmark (WTT) and one in Austria (Huber Holz). As it is obvious, all of them have in common 

that wood has to be treated in absence of Oxygen, otherwise combustion could occur at such high 

temperatures. WTT and Huber Holz were at that time emerging technologies with no commercial 

development, but in Esteves and Pereira's article (2009) we can find a good review on the first five 

treatments:

Thermowood: It was the first heat treatment process that was developed to a big scale production 

and it is nowadays the most successful one. The heating medium is water vapour and it is performed 

at atmospheric pressure with a temperature that can reach a maximum of 150-240ºC depending on 

different schedules that are based on different treatments and wood specie. Wood must be dried 

before the treatment and during the process it gets almost completely dry before being re-
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moisturized in the end of the cycle. In 2009 Thermowood represented approximately 90% of the 

total amount of heat treated wood produced in Europe. The first factory was created in Mänttä 

(Finland) and in 2004 there were already twelve factories. In 2007 the production of Thermowood 

was 72,485 m3, mostly sold in Europe (92%). The technology is spreading, it has recently been 

introduced in Canada.

Plato: One important differences between processes is the use of pressure. While Thermowood is 

performed at atmospheric pressure, Plato process performs some of its steps in a pressurized 

atmosphere. It basically consists on a hydrolysis step followed by the actual thermal modification in 

the second step. Another important feature of the Plato process is that it uses green wood instead of 

dried. The heating medium is usually water vapour or heated air and the maximum temperature is 

170-190ºC. The volume of production for this process was in 2009 about 7.000m3 produced for just 

one factory in Arnhem (Holland) that belongs to Plato International.

Rectification: This process was already industrialized in 1997. It uses dry wood (12%) and it is 

performed in an oven at temperatures of 200-240ºC filled with nitrogen. It is produced for several 

small companies and there is no data on the volume of production.

Bois Perdure : This process is applied for green wood which suffers a process of fast drying with 

vapour and hot combustion gases coming from wood itself because of the rise in temperature. Those 

gases are injected again into the combustion chamber at temperatures of about 200 to 240ºC .

OHT-Oil Heat Treatment: This process has a big difference with all the others because it is not 

performed in a gaseous atmosphere, but in oil. This has the advantage of not having to worry about 

the oxygen, but in the other hand it has the problem of the oil uptake in the wood, which could be as 

high as a mass increase of 70%. The production in 2007 was 5.000m3 and a third factory was in that 

time built but not in production yet, with a capacity of 10.000m3.

From the high amount of different processes that are referred above we can say then that the 

research in heat treatment of wood tries to find the formula to adapt the processes parameters 

(which according to Hill [2006] are time and temperature, treatment atmosphere, closed versus open 

systems, dimensions and use of catalysts) to the wood specie and the desired final features of the 

product, degrading the wood as less as possible in order to keep its desired properties. A lot of 

research has been done with this aim and some interesting results can be found in the literature, but 

not so many works are published where the process parameters and their effects on wood are 

studied together in a multi-variate statistical study.
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The process that was used our research for a part of this thesis is the Danish WTT. This process is 

performed in an autoclave under pressurized conditions with superheated steam as a heating 

medium. The pressure inside the vessel can go up to 10 atm and the maximum temperatures used 

are 160 – 180 ºC depending on the different schedules with different goals in the final product. It is 

a closed process, except for some water vapour removal that can occur in order to keep the interior 

of the autoclave in the optimal conditions for the process. Figure 1 shows the development of 

temperature and pressure during the process. Combining both high temperatures and pressures, the 

process generates a lot of stresses in the wood and the behaviour of the wood components in those 

conditions are not well known. As a result the final product has been found to have too many 

defects, mostly related to internal cracks. Quantification of these cracks in relation with the process 

parameters is the main focus of the first part of this thesis.

The amount of different methods for heat treatment of wood is different depending the sources of 

information. According to Jones and Hill (2007) there are some other methods besides the ones 

described above: two more in France (New Option Wood and Perdure), two more in Holland 

(Lignius and Lambowood), one in Germany/Russia (Barkett) and one more in Austria 

(ThermoHolz). It shows that nowadays all the technology regarding heat treatment of wood is still 

developing. In fact, there has not been even 15 years since the first heat treated products were 

introduced in the market and thermal modification is a big topic of research, specially in Europe. 

The knowledge in the field is developing as we can deduce from the common conclusion that all the 

published papers on the matter share: more research is needed in order to achieve complete 

knowledge of the consequences of thermal modification and heat treatment. As well as in the 

research field, a lot of development has been happening regarding the appearance of new 

technologies in order to achieve both different features in the final product and also optimization of 

the production process.

It is known that heat treatments improves the dimensional stability of wood and worsen its 

mechanical properties (Bekhta & Niemz, 2003) but we are still far from a fully understanding on 

the chemical processes that drives to those changes. Different processes were developed short time 

ago, like the WTT process. It is still a developing technology somehow and it doesn't look like 

research on the subject would be reduced in the oncoming years, especially considering the gaps of 

knowledge that we have in some aspects.
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Part 1: Scanning

This part of the research was a continuation or the work done in the Wood Project course within the 

Wood Technology Master Program. In such project several boards coming from a WTT plant 

installed in the facilities of the company Termo Plus i Arvidsjaur AB in Arvidsjaur were inspected 

with the aid of the CT scanner installed in Campus Skellefteå. Several boards belonging to two 

batches thermally treated with different schedules were studied, but no clear conclusion was drawn. 

In this case the two different processes were perfectly identified with the actual schedules and a 

higher amount of boards with different characteristics were used for a deeper study.  

Materials and methods

Materials for this tests came from Termo Plus i Arvidsjaur AB, a company located in Arvidsjaur, 

northern Sweden. A total of 40 pine and 40 spruce boards were inspected. Before the treatment, 

boards were dried down to two different MC. They were treated under two different schedules: a 

standard schedule they usually apply (Figure 1) and a new schedule with a longer and slower 

cooling period (Figure 2).

Some anomalies were detected in the schedules. Both of them lack a conditioning period after the 

heat treatment and boards were taken out from the autoclave when its temperature was 83ºC for the 

long cooling batches and 90ºC for the standard run. There was no adjustment between the inside 

and outside pressure as well. We will also see in the results that a relatively strong MC gradient 

existed in the boards after the process, which is known to be a cause of different defects. Table 1 
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Figure 2: Alternative treatment schedule suggested and used for comparison. Note the longer and  

slower cooling period. This period is referred to as “long cooling schedule” in this document.
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shows the data of the boards regarding it's average initial and final moisture content, specie and 

specific treatment.

Confidence intervals showed that the figures for final MC in Pine from both processes belong to the 

same statistical group because confidence intervals overlap. That does not happen for Spruce nor 

for initial MC. This is something logical from the point of view of permeability of both wood 

species.

The treatments were performed under the WTT parameters using two different schedules that are 

summarized in Figure 1 and Figure 2. Scanning was performed using a Siemens Somatom Emotion 

CT-Scanner according to the sketch in Figure 3. A total of 24 slides separated 1dm from each other 

were taken from every sample board. Images were visually inspected with the aid of Image-J 

software prior to data processing in Open Office Calc software. MC was calculated through the 

oven dry method and case hardening was calculated with the common formula shown in Figure 4.

Table 1: Different sample batches in which the wood used for this research was  

distributed. Each sample batch consisted of ten boards randomly taken from the  

whole industrial batch. *ST=standard schedule; LC=Long cooling schedule;  

1=Spruce 8% MCi (Target MC to what wood was dried before the treatment); 2= 

Spruce 18% MCi; 3= Pine 8% MCi; 4=Pine 18% MCi.

Batch Name* Specie Target initial MC (%) Initial MC**(%) Final MC(%)

ST1 Spruce 8% 8,41 5,44

ST2 Spruce 18% 18,72 13,86

ST3 Pine 8% 10,46 10,64

ST4 Pine 18% 17,88 11,44

LC1 Spruce 8% 8,41 4,77

LC2 Spruce 18% 18,72 14,03

LC3 Pine 8% 10,46 9,55

LC4 Pine 18% 17,88 11,98
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Figure 3: Representation of the scanning method.
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Results and discussion

The parameters studied for every scanning slide during the processing of the images were the 

number of internal cracks, the presence of the pith in the cross section, the presence of surface crack 

and the number of knots. In Table 2 we can see an extract of the Calc sheet with data for just one 

board. The complete table of results is shown in Appendix 1.

Table 2: Example of the Calc sheet used for the processing of data for one individual board (batch LC4:Long cooling,  

Pine, 18%MC; sample board number 8). Rows represent (up to down): number of cracks, presence of surface crack  

(0=there is no crack; 1=there is crack), presence of pith (idem as surface cracks) and number of knots. Every column  

represent a scanning slide according to the sketch in Figure 3. Summary of the nomenclature of the different group of  

boards is shown in Table 1.

Sample ↓ Slide → 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

LC4 8

0 4 4 6 2 1 2 3 4 3 3 4 1 2 3 1 2 1 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 0 0 0 0 0 0 4 0 2 0 0 5 1 0 0 0 0 4 0 0 5 0 0

The amount of variables was low and there was only one response we were interested in (internal 

cracks). Because of that and because of the considerations regarding the lack of control and 

knowledge about several variables during the process, no multi-variate data analysis was performed 

and the study was carried out using traditional statistics. No linear correlation was found comparing 

the data for internal cracks with the other three studied parameters. Results for the correlation 

coefficients can be found in Table 3.

Table 3: Average of the correlation between the number of cracks in the slides and the presence or  

surface crack, pith and number of knots according to the two processes used.

Correlation between number of cracks and ↓ All boards
Only Standard

schedule
Only Long cooling

schedule

Presence of crack in the surface 0,01 0,11 -0,11

Presence of the pith 0,06 0,07 0,06

Number of knots -0,03 -0,05 -0,01

Despite the curious fact that the presence of surface crack is slightly related with the number of 

internal cracks positively or negatively according to standard run or long cooling run, no statistical 

significance can be extracted from such data. We cannot say that there is any kind of correlation 

between the number of cracks and the number of knots, presence of pith or presence of surface 

crack. Nevertheless, with a simple processing of the data using Calc sheet as a visual aid we can 

15
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easily deduce trends. In Figure 5 data only for internal cracks is presented in a sheet where cell's 

format was conditioned to be coloured from a light pink to a dark red according to the number of 

cracks in each slide. Trends can be seen and we can deduce that the high level MC before the 

treatment has an important influence in the appearance of internal cracks, except for 18% MC pine 

treated under the standard parameters, for which the number of internal cracks is significantly 

lower. For the data that we worked with we could not find an explanation for that, but with such a 

small number of sample boards it could even be due to chance.

Table 4: Values of case hardening.  

Name of the different batchs are  

defined in Table 1.Figure 4 shows the 

method for obtaining the value.

Batch Case hardening a/b

LC1 0,0169

LC2 0,0141

LC3 0,0082

LC4 0,0289

ST1 0,0203

ST2 0,0230

ST3 0,0131

ST4 0,0137

The MC gradient inside the boards were roughly measured. Almost all the boards studied showed a 

MC gradient. The value was calculated using the common method of splitting the boards in two and 

measure the deformation after oven dry (Figure 4). The values are summarized in Table 4.

As an example to illustrate de values of case hardening: a 12cm wide board with a case hardening 

index of 0,02 would have a gap of 2,4 mm after oven dry. Such deformation is an important defect 

that can be the cause for losing high volumes of wood due to the need of planing prior to the final 

use.

It is also important to take into consideration that the processing of the images regarding internal 

cracks was done visually. It was not possible to develop an algorithm to perform such task within 

the Image-J software. The visual processing of the data is difficult because of it's subjectivity, 

something that could cause errors in the measurements.  

16

Figure 4: Representation of the methodology used for  

calculating case hardening.



Influence of pressurized heat treatment in chemical and mechanical properties of wood                                                                             Master's thesis

17

Figure 5: Visual aid from a Calc sheet showing patterns according to the number of cracks in the different  

group of boards
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Conclusions

Looking at the schedules from both treatments we can see that there are many parameters that 

weren't kept stable from one process to the other and that might have high influence in several of 

the defects of the boards, including the one studied in this thesis: internal cracks. The 

drying/remoisturizing of the boards during the process, the lack of a conditioning stage and the high 

difference of temperature and pressure when taking out the boards from the autoclave can cause 

very strong stresses inside wood. We would suggest this as a probable cause for internal checking. 

The results show that among the variables considered in this study, high level of MC in the boards 

when starting with the process is highly correlated with the appearance of internal cracks. Boards 

dried down to a target 18%MC showed significantly more internal cracks than those dried down to 

target 8%MC. It could be logical to dry the boards even to a lower MC before entering the 

autoclave in order to get a higher quality product. Treatments could probably be optimized by 

developing them specifically according to wood species, MC and dimensions. Even with pine and 

spruce, two species that are usually considered very similar, variations regarding final values of MC 

exists. 

Characteristics of the materials and processes makes it difficult in this case to draw more specific 

conclusions with statistical significance. More research is needed for pressurized heat treatments. 

The difficulties of dealing with materials of industrial origin makes necessary the development of 

an experimental method in order to control as many parameters of the whole process as possible. 

18
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Part 2: Experiments

In this part we developed a series of experiments to heat treat small pieces of wood in lab scale in 

order to have more control on the parameters and on the measurement of the responses.

Materials and methods

Scots pine and Norway spruce wood came from a local sawmill in Skellefteå. The samples were 

knot free heartwood and  90x23x11mm aprox. Dimensions of the samples were adjusted to the size 

of the autoclave, which is presented in Figure 7. In each run two samples were treated inside the 

autoclave, together with 3ml of deionized water in a way that water was not touching the wood (the 

aim was to create a saturated atmosphere). The autoclave was filled with Argon (Figure 8) in order 

to displace the oxygen as much as possible and try to get as similar conditions to the ones used in 

the WTT treatments as possible. The whole autoclave was placed in a pre-heated oven at the desired 

temperature. After the desired treatment period, the autoclave was taken out of the oven and left to 

cool at room temperature for one hour aprox. Liquid was collected and wood was immediately 

frozen in order to perform all the tests under similar conditions. The variables of the experiments 

were wood specie (Pine and spruce), time (3h or 6h), temperature (160ºC or 180ºC) and moisture 

content (green wood and target 6% MC). Centre points were green spruce samples treated at 170ºC 

for 4,5h. The design of the experiments was full factorial with three centre points, so a total of 19 

experiments were performed in random order. Figure 6 shows a flux diagram of the experimental 

procedure. Figure 7 and Figure 8 show the experimental set-up. For the MVDA of the experimental 

data Table 5 shows the different predictors and responses that were considered.

19

Figure 6: Representation of the experimental procedure.



Influence of pressurized heat treatment in chemical and mechanical properties of wood                                                                             Master's thesis

Table 5: Definitions of the predictors and responses considered in the statistical study.

Predictors Responses

Time
Number of hours the vessel was in the 
oven.  Values were 3 or 6. For the centre 
points, 4,5. 

Sawdust Mol
Titration. Acid concentration in the sawdust extraction. Units 
are mol of acid equivalent/g(dry weight)

Temp
Degrees Celsius the oven was set to. 
Values were 160 or 180. For the centre 
points, 170.

Liquid Mol
Titration. Total amount of acid in the liquid extracted from the 
autoclave. Units are mol of acid equivalent.

Spruce Wood specie. Dummy variable dMPa
Ultimate strength in three point static bending. Value is the 
average of two specimens. Units are MPa. Specimens were 
oven-dried before the test

Pine Wood specie. Dummy variable pH
pH in the first extraction done with 3% NaCl, over which the 
titration was done.

Green
Samples that weren't dried  before the 
heat treatment. Dummy variable.

Shear failure

This variable represents how many of the 2 specimens had 
failure in the longitudinal direction in the 3 point bending 
strength tests. Values are 0 (none of them), 0,5 (one of them) 
and 1 (the two of them).Pre-dry

Samples that were dried down to 6% 
approx in a climate chamber before the 
process. Dummy variable

MCdif
Difference in moisture in the wood before 
and after the heat treatment.

Color 
Measurement of the color with the colorimeter. The value 
considered was the E-value according to Dagbro (2010).

20

Figure 8: Filling of the autoclave with Argon (left) and experimet set-up in  

the oven (right).

Figure 7: Autoclave used in the experiments and teflon cover (left).  

Experimental set-up (right).
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Measurements

pH: A Metrohm 744 pH Meter was used to measure the pH of water extract and treatment water.

Moisture Content: it was always measured using the oven dry method.

Colour: it was measured with a Minolta colorimeter using the LCh color space and calculating the 

E-value according to Dagbro (2010). Nevertheless dimensions of both samples together were not 

wide enough to fill the colorimeter so the same white background was used. For that reason actual 

colour values should not be taken into consideration unless for comparison within the experiments. 

It is enough for interpretation if we consider that a low E-value means darker colour and high E-

values means lighter colour.

Content of acid equivalents: it was measured both for sawdust extraction and for the liquid inside 

the vessel. In both cases it was measured using titration. According to the A Dictionary of  

Chemistry edited by John Daintith (2008) titration is:

“A method of volumetric analysis in which a volume of one reagent (the titrant) is  

added to a known volume of another reagent slowly from a burette until an end 

point is reached. The volume added before the end point is reached is noted. If one 

of the solutions has a known concentration, that of the other can be calculated.”

In our case the end point is pH=7 and the calculated concentration is the molar concentration of 

available protons, which are responsible for the acidity and known for the titrant. 

Acid extraction of sawdust was done for 0,2g of material in approximately 10ml of a 3% NaCl 

solution (the exact amount of NaCl is not relevant as long as it would not change the amount of acid 

equivalents in the solution) where the pH is constantly measured and titrated with 0,0146M NaOH 

and further on with 0,0074M NaOH for fine tuning. Regarding acid measurement of the treatment 

liquid, it was not necessary to extract it as from wood, where acid is chemically or physically 

bonded to the material. 0,5g of liquid were diluted in around 10ml of water and titrated with 

0,0074M NaOH for the first studied samples and with 0,0146M NaOH for the last ones due to the 

high amount of volume needed for titration with the low concentration NaOH.

Acid equivalents in the sawdust was calculated in moles of titrated hydroxyl ions per dry weight of 

wood and for the liquid it was calculated as the total number of hydroxyl ions, as long as the 

concentration in this case would give no information because the amount of water present inside the 

autoclave would be different based on different MC of the different wood samples and their 

moisture uptake. Being such small amount of liquid, collecting it was difficult and the data for 

liquid acidity is not very reliable, but we decided to keep it in the study anyway.
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Ultimate strength: it was measured performing a three point bending tests in a computerized 

universal testing machine (Hounsfield H25KS). Samples were prepared for these tests having 

dimensions of 9x9mm approximatively, actual accurate values were considered in the calculations 

and measured with a 0,05mm precision caliber. Span in the test was 80mm. Samples were oven 

dried before the tests and the heating period of that drying was done using water vapour to avoid 

cracks in that stage, because that could alter the behaviour in the bending tests. This tests did not 

fulfil any standards due to the limitation on dimensions given by the autoclave, nevertheless it can 

be valid for comparison within this set of experiments.

Shear failure: Due to the small size of the samples shear stresses were very high within the wood 

sample. There is usually an increased failure when external forces, causing internal shear stresses, 

are applied on wood even when this kind of tests are performed according to standards (Boonstra et 

al., 2007). In this case we considered Shear failure as a value estimated visually. For each 

experiment two bending strength test were performed (see Figure 6) and average value for ultimate 

strength was considered. It was possible to see visually if the sample had suffer shear failure (Figure

9) and according to that the value for the variable was 0 if none of the samples had suffer shear 

breakage, 0,5 if one of them did and 1 if both of them did break in the longitudinal direction due to 

shear forces. 

Results and discussion

In the experiments we took into consideration an amount of variables and responses that were too 

many for being studied with traditional statistics in such high number of experiments (Complete 

table of results is shown in Apendix 2), so we perform a MVDA both using SIMCA  and MODDE 

softwares for its interpretation. Table 5 previously displayed shows the values and definitions of the 

variables of the process and measured responses. In the preliminary models the data for MC was 
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Figure 9: Examples of specimens with shear failure (left) and without it (right).
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considered as MCi (initial MC) and MCf (final MC), but very few information could be drawn from 

the generated models. In the other hand, it is logical to think that MCi and MCf are dependent from 

each other to some extent, which is something that should be avoided in a MVDA. That was the 

reason for the creation of the variable MCdif, which is defined as MCf-MCi and, as we will see, it 

shows some interesting information. The variable MCdif is not actually controllable in direct way in 

the process. It was considered a variable because it can be indirectly controllable through other 

parameters of the process. Initial MC is a parameter that can be very well established during the 

drying and the approach here was to study how much could the process be improved if the MC of 

the wood could be kept stable throughout the treatment.

The data was studied using principal components analysis (PCA) and projection to latent structures 

(PLS). PCA is defined as a multivariate projection method designed to extract and display the 

systematic variation in a data matrix, whereas PLS is a regression extension of PCA which is used 

to connect the information in two blocks of variables, X (predictors, in this case the process 

parameters: time, temperature, specie, green/dry and MCdif) and Y (responses: acidity values, pH, 

ultimate strength in a three point bending tests, shear failure and colour), to each other (Eriksson et 

al., 2006). These statistical tools are very useful visual aids for finding trends and interactions 

between predictors and responses.

The statistical analysis in SIMCA covers PCA-X, PCA-Y, PCA-XY, PLS and PLS considering only 

one response (Y-variable) at the time. The data was also studied in MODDE because it is more 

reliable to study interactions between different variables, it is easier to modify the model according 

to a better definition of the responses and because the SIMCA models showed too large confidence 

intervals. Overview figures are presented in Apendix 2, from where a wider understanding of the 

predictors-responses relationships can be draw. For a better understanding of the variables' names 

Table 5 shows the definition of all the variables and responses.

PCA-X: It is a statistical model that only considers the process variables (predictors), not 

taking into account the responses. The generated model was a quite well explained three 

component model with no outliers (R2=0,85; Q2=0,32). It can be seen here that the MCdif is 

higher for pre-dried wood than for green wood. This is logical as long as the atmosphere is 

saturated in water during the process and green wood is soaking wet, so there is not so much 

margin for water absorption.

Second and third components were also studied and by considering the three components we 

can find interesting patterns. Even though the responses are not present in the statistical 

23



Influence of pressurized heat treatment in chemical and mechanical properties of wood                                                                             Master's thesis

analysis, they can be considered as the criteria for colour sorting the dots in the graph and 

extract conclusions.

We can see for instance that when considering components 1 vs 3 and 2 vs 3, increase in 

acidity for the extraction of sawdust (SawdustMol) follows a clear pattern positively 

correlated with time, temperature and, to a much shorter extent with MC variables (green 

wood vs. dry wood), including MC dif along the third component (Figure 10).

PCA-Y: In this case the statistical model only considers the responses. A one component 

model is generated by the software (giving R2=0,65 and Q2=0,49), so a second component 

is forced for interpretation with not so much loss in model reliability (R2=0,83; Q2=0,44). 

All responses are strongly correlated except for shear failure (Shear) which has small 

influence in the fist component, but quite high in the added second component, which means 

that it's influence in the model is low.

Low pH values and high acidity values (LiquidMol and SawdustMol, amount and 

concentration of acid equivalents) are strongly correlated with darker colour and weaker 

samples in the three point bending tests (variable dMPa, ultimate strength). The clear 

relationship of these responses with the predictor temperature can be seen in Figure 11.
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Figure 10: Loading plot (right) and score plot (left) for PCA-X 2nd vs. 3rd component with colour  

sorting according to concentration of acid equivalents in the sawdust extraction (from red, high  

concentration, to blue, low concentration).
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PCA-XY: when studying variables and responses together the resulting model is quite poor 

and not reliable for prediction. The model only has one component (R2=0,38; Q2=0,06) so a 

second one is forced for a better visual interpretation (R2=0,38; Q2=-0,02). This model has 

strong limitations and its interpretation should be done carefully, taking into account the low 

reliability of the drawn conclusions.

But even in such a poor model, we can confirm the variables and responses' behaviour in the 

previous models and also confirm a possible influence of temperature, time and MCdif in 

SawdustMol and LiquidMol. Variables specie and MC (green/dry samples) don't seem to 

have high influence in the responses, except for shear failure, which at this point has been 

showed to be higher for spruce than for pine and for green than for dry samples. 

Nevertheless, it is a not well explained variable in any of the models, not in this one either.

PLS: this model considers all the predictors and responses together and it is generated with 

four components (R2=0,80; Q2=0,56). The value for Q2 is in the reliability borderline, 

which is usually considered in Q2=0,60. The model confirms what we previously saw in the 

PCA analyses and it adds some more information. We see the same correlations between 

responses as described in PCA-Y as well as between predictors in PCA-X.

Special interest was paid for the MCdif variable in this study. There are indications that it 

might have a role in the whole process, being the third highest influence for the acidity 

responses and for shear failure, as well as the second highest influence for pH, but always 

with too large confidence intervals.
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Figure 11: Loading plot (right) and score plot (left) for PCA-Y with colour sorting according to  

treatment temperature (red=180ºC; green=170ºC and blue=160ºC).
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The only relationships that can be referred to as statistically significant is that temperature is 

affecting all the responses (except for shear failure where temperature shows no influence) 

and also that specie is the only significant influence. Among the other predictors there are 

some trends but with too large confidence intervals to draw clear conclusions, even for the 

variable time, which could be consider as an obvius influence. An overview of the whole 

model can be seen in Appendix 2, showing the figures for scatter plot, loading plot, distance 

to the model and X/Y Overview plot.

PLS (one response): In this case several models are developed with all the predictors but 

only one of the responses. So that, six models were studied.

Colour: Two components and very well explained model (R2=0,98; Q2=0,94). This 

is the response with a more predictable behaviour and the one the models can explain 

better. Color is mainly related with Temperature (the only predictor showing 

statistical significance) and, to a shorter extent, with time. Very low influence of the 

MC variables, but it looks that pre-dry would give higher values of the E-value, 

meaning brighter colour. Green wood would get darker during the treatment than pre-

dried wood. The rest of the variables have very large confidence intervals (it is 

considered that if the confidence interval bar crosses the 0,0 axis, there is no 

statistical significance), no conclusion can be drawn from them (Figure 12). 
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Figure 12: VIP plot (variable importance) for the response  

colour.
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Strength (  dMPa  )  : two components and acceptably well explained model (R2=0,85; 

Q2=0,65). High influence of temperature and spruce. Almost no influence of the MC 

variables, but among those, MCdif is the one with a higher influence. Nevertheless, 

the confidence intervals for those variables makes the conclusions extracted from 

them not reliable, and also for treatment time which has a big confidence interval 

with the mean value almost situated in the origin (Figure 13)

Acidity (  LiquidMol  )  : two components and well explained model (Q2=0,88; 

R2=0,71). This response shows a significant positive correlation with temperature, 

and shows a non-significant trend of correlation with time and MC dif. Other 

variables have almost no influence. Time shows a very big confidence interval while 

MCdif's confidence interval is shorter. We can say here that the model shows a trend 

of MCdif being positively correlated with LiquidMol. Colouring the dots according to 

MCdif as in Figure 14, we find a trend that shows graphically a slight relationship 

between MCdif and the only response considered, LiquidMol.
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Figure 13: VIP plot (variable importance) for the response  

dMPa, ultimate strength in a 3 point bending test..
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Acidity (  SawdustMol  )  : the generated model has two components. Well explained, but 

not for prediction (R2=0,84; Q2=0,44). Highest influence comes from temperature 

(only significant predictor, but the poorness of the model must be taken into account 

too), then time, and to a much shorter extent, MCdif (Figure 15). The graphs can be 

used to visually evaluate the relationships. In Figure 16 the scatter plot is sorted by 

MCdif, using colours from blue to red. We find a pattern that shows graphically that 

such relationship is weak. We have to consider as well that confidence intervals are 

too large. This model is not strong enough to draw conclusions and as long as the 

response SawdustMol is important for us, it will be studied further using MODDE.
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Figure 14: Scatter plot (left) and Loading plot (right) for a PLS model that only considers the  

response Liquid Mol (contents of acid equivalents in the liquid collected in the autoclave). Sorted by  

colour according to values of MCdif (difference in MC before and after the process). Blue, low values  

of MCdif; red, high values of MCdif.
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Shear failure: only one component and not well explained model (R2=0,57; 

Q2=0,41). A second component is added for interpretation and it reduces even more 

the reliability of the model, which shows this response as mainly influenced by 

specie, with a clear correlation. There is an indication that time might be also an 

influence, but the huge confidence intervals in variables that in other models show a 

very predictable behaviour together with the poor model it makes it impossible to 

draw reliable conclusions. (Figure in Apendix 2)
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Figure 15: VIP plot (variable importance) for the response  

SawdustMol, concentration of acid equivalents per dry weight.

Figure 16: Scatter plot (left) and Loading plot (right) for a PLS model that only considers the  

response Sawdust Mol (concentration of acid equivalents per dry weight of wood). Sorted by colour  

according to values of MCdif (diference in MC before and after the process). Blue, low values of  

MCdif; red, high values of MCdif.
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pH: Only one component giving rather poor reliability (R2=0,49; Q2=0,24). The 

second component can be manually added for a better visual interpretation without 

losing reliability (R2=0,64; Q2=0,24). MCdif shows higher influence even than time, 

but not more than temperature, which is once again the most important variable. MC 

variables (if samples are green or dry) also have higher influence. In this case, the 

confidence intervals related with MC including MCdif are reliable. Similar reliability 

can be observed for temperature but not for specie, which has very low influence 

with very large confidence intervals. 

In almost every model we find that pH is not very well explained. Analysing the measurements we 

see that the differences in the values among the heat treated samples are not very high. Considering 

the centre points, which should have pretty similar values, we see differences among them. Creating 

a confidence interval only with the three centre points and comparing it with the rest of the values, 

we can see how it behaves regarding, for instance, temperature. In Figure 17 we can study the 

values of the samples treated at the two different temperatures with the values for the references and 

analyse its distribution regarding the confidence interval generated from the centre points. We can 

see in that figure that the value for observation 19 is significantly higher than for the other two 

centre points, reason why we could also consider that value as an extreme figure. Such scenario was 

not evaluated due to the small number of observations for the centre points, so the value was taken 

as valid. This fact should be taken into account when interpreting the results regarding pH.

In all the models previously described there were very large confidence intervals, reason why the 

the data was also introduced in MODDE, where modifications in the model can be done in order to 

get a better description of the desired responses using interactions and square terms.

MODDE:

It is difficult to generate a model that explains all the variations in all the responses, but with 
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Figure 17: Values for pH sorted according to temperature. Center points and reference  

values are shown. Green lines represent the 95% confidence interval calculated for the  

centre points.
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MODDE we can easily modify the model in order to analyse the variable we are more interested in. 

In this case two models were studied. The model generated by the software gets an optimal 

explanation according to an interpretation of all the variables together but such model was very 

much influenced by the very good behaviour that the response color always have. It is a very well 

explained response in almost every generated model, but it could have a large leverage in the 

overall evaluation of the fit. As long as the model do not explain certain variables very well, we 

selected the most interested ones for us and developed two other models where interactions and 

square terms are considered as well (Table 6) .

Table 6: Predictors considered in the two models developed in MODDE.  

Including interactions and square terms.

Model 1
Optimized for Sawdust Mol

Model 2
Optimized for Strength and Shear f.

Temperature Temperature

Specie Specie

Time Time

MC MC difference

Temperature x MC MC

Temperature x Specie MC difference x MC difference

Temperature x Time Time x Time

MC x Specie Temperature x MC difference

Time x MC difference

 The first model was designed to get a good explanation of the concentration of acid equivalents in 

the sawdust extraction (SawdustMol) and the second model explains strength (dMPa). By chance, 

the second model is also the one with the best explanation for shear failure among all the generated 

models. Shear failure was a response with a very poor explanation in all the models generated until 

now, so it was a pleasant coincidence.

Model 1: Chemical changes regarding the formation of acids are not perfectly known, but 

they are explained to a large extent in the existing literature (Fengel & Wegener, 1989; 

Tjeerdsma et al., 1998; Dinwoodie, 2000; Sundqvist, 2004; Hill, 2006; Boonstra & 

Tjeerdsma, 2006; Windeisen et al., 2007; Esteves et al., 2009). The response SawdustMol is 

probably the most important one in our research, because it is the basis in many branches of 

chemical research about heat treated wood. It is the response whose explanation we tried to 

optimise by developing this statistical model, which also explains very well the response 

colour. One of the predictors that was more interesting in all the experiments is MCdif, but it 
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is not even present in this model. For the acidity of the sawdust it seems to have almost no 

influence, contrary to what we saw in the previous analyses with SIMCA, were small traces 

of correlation were found. Figure 18 shows the VIP plot for this whole MODDE model 

where we can see the responses considered and their weight in the model.

As it was found in previous models, confidence intervals for some predictors are too large to 

draw clear conclusions. We can only say that acidity in the sawdust is positively related with 

temperature and time, and there might be traces of influence of specie (it is higher for pine) 

but in this cases the confidence interval is so high that it shows both positive and negative 

correlation (Figure 19). The only interaction terms showing statistical significance is the 

association temperature-time, which shows negative correlation with statistical significance, 

as opposite to the positive correlation with the separate variables time and temperature. This 

interaction can be seen in Figure 20. Other interaction terms are present in the model 

(temperature x MC, temperature x specie and MC x specie) but its influence is very poor and 

uncertain. 
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Figure 18: VIP plot (variable importance) for model 1.



Influence of pressurized heat treatment in chemical and mechanical properties of wood                                                                             Master's thesis

Regarding the other variables, colour is very well explained in this model, as always, and it 

is showing the same patterns as before: E-value is negatively correlated with temperature, 

time, MC and the interaction time x MC. Amount of acid equivalents in the liquid collected 

in the autoclave (LiquidMol) and pH are not well explained by this model. Nevertheless pH 

shows a statistically significant negative correlation with temperature and with more 

uncertainty, with MC and time (green samples and high values of time give low pH values). 

Studying the interaction effects of the different predictors we can see that pH values are high 

for green pine and for dry spruce and that LiquidMol shows positive correlation with 
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Figure 20: Countour plot of the response SawdustMol (acidity in the sawdust extraction in mol/gdry weight) in 

relation to the predictors time and temperature. The curved surface shows that it exist an interaction effect  

combining time and temperature, otherwise the surface would be flat. 

Figure 19: Effects of the predictors in the  

response Sawdust Mol (concentration of  

acid equivalents per dry weight of wood).
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temperature, time and MC, not being statistically significant the influence of the other 

responses (Figure 21). Shear failure and strength will be evaluated in the next model.

Model 2: the other aspect we tried to explain is the mechanical resistance, and in this case 

the characteristic that we found interesting to define was ultimate strength in a three point 

bending test (dMPa). It was a nice coincidence that this was, among all the statistical models 

used in this study, the one with the best explanation for shear failure, a variable that was 

until now very poorly explained. Nevertheless, this model seems in general to be worse than 

the previous one. Figure 22 displays the VIP plot for the model. More graphs in Appendix 2.
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Figure 21: VIP plots (variable importance) in model 1 for the responses Liquid Mol (content of acid  

equivalents in the liquid collected from the autoclave) and pH.
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Difference in MC is here present with not very large influence on the model itself or in the 

specific responses, but with some influence indeed. High values of MCdif seems to show 

poorer results in the strength tests and shear failure, as it was seen in previous models as 

well. The confidence intervals for strength are extremely large and none of the trends we see 

have statistical significance. The only statistically significant results are the positive 

correlation between temperature and strength, and between specie and strength (higher 

values for spruce). Regarding Shear failure, there are two interaction terms showing 

significance: time x time and temperature x MCdif. Both of them are correlated with a 

higher shear failure rate. Other predictors show clear trends but with too large confidence 

intervals: Specie(Pine), time and temperature contribute to a worse behaviour of the 

samples. With the other variables it is impossible to follow any reliable trend as long as the 

confidence intervals are two large. In this case MCdif itself show a high confidence interval 

which don't allow to tell if it is positively or negatively correlated, but if it is considered as 

an interaction term (MCdif x MCdif), eventhough the confidence interval does not get 

significantly reduced, it does show a clearer trend for a negative correlation with the shear 

failures (higher values of MCdif, more shear failure). All this data can  be illustrated using 

figures in Appendix 2.
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Figure 22: VIP plot (variable importance) for model 2.
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Conclusions

Considering the relevance and validity of the models generated in SIMCA and MODDE we can 

establish few conclusions with statistical significance. The mechanical resistance, represented here 

by the ultimate strength in a three point bending test, is mainly influenced by the high temperature. 

Spruce has more mechanical resistance in the three point bending tests eventhough spruce gets 

higher reduction in strength than pine after the heat treatment (Figure 23). Acid content in the 

sawdust extraction is mainly correlated with high values of temperature and time, with interaction 

effects between them as it can be seen in Figure 20.

Figure 23: Average reduction in ultimate strength in a 3 point bending test from references to heat treated samples.

Colour is a variable that has often been considered in research around heat treatments. In this case 

we can say that it is influenced mainly by the temperature, but also by time, MC and some 

interactions between them. The behaviour of colour can be very useful for interpretation of the 

results and in future research it could be interesting to try to develop a way of relate chemical and 

mechanical characteristics of heat treated wood with its colour.

A relatively high number of models were created for this statistical study and we can consider some 

trends that we see in them eventhough those trends do not show statistical significance in the 

individual models because of the poorness of the models or the uncertainty within them. Those 

trends despite not having statistical significance  they can be considered as long as there is small 

probability of those trends being showed in the different models always in the same direction. 

Taking into account the theoretical and experimental knowledge we can retrieve from the existing 

literature, we can consider the shown trends with certain validity but with logical scepticism. 

Taking into account those trends with the main conclusions we can say that among the variables 
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considered in the process used for this study, temperature is more important than time for the heat 

treatment and both of them are the most important variables to consider. Higher temperature and 

longer time would make wood darker, weaker, and more acidic. The green condition of the wood at 

the beginning of the process could also have the same effect. The difference in MC in the wood 

before and after the process could affect the treatment in the same direction as well.

In all the models it can be seen a correlation between darkness of the wood, high values for acidity, 

low pH and weaker behaviour in the mechanical tests. It will be important to determine in the future 

if some of this relations are actually subjected to causality and to what extent. We know for instance 

that acids degrade from the main wood constituents, which are responsible for the mechanical 

resistance of the material.

More research is needed about heat treatments processes under pressurized conditions. The process 

shows some differences from other processes performed at atmospheric pressure and wood suffer 

different effects because of the high pressure gradient that can exist in the wood and from the 

closeness of the process. In future experiments process parameters need to be managed in a more 

reliable way than in these experiments' set up in order to reduce systematic errors and uncertainty. 

One important aspect to improve is the size of the specimens studied, which was conditioned by the 

small size of the autoclave, specially if mechanical properties are to be examined.
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Table of results 

1

Table 1: Scanning data. Name codes: ST=standard schedule; LC=Long cooling  

schedule; 1=Spruce 8% MCi (Target MC to which wood was dried before the  

treatment); 2= Spruce 18% MCi; 3= Pine 8% MCi; 4=Pine 18% MCi. Rows  

represent for everysample (up to down): number of cracks, presence of surface  

crack (0=there is no crack; 1=there is crack), presence of pith (idem as surface  

cracks) and number of knots. Every column represent a scanning slide
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Table of results

1

Table 1: Complete set of process parameters and results of the experiments. Samples: RSD=Reference Spruce Dried,  

RPD=Reference Pine Dried, RSG=Reference Spruce Green, RPG=Reference Pine Green. *Observations that were not  

valid due to doubts about possible errors in the performance of the experiments. Such observations were not taken into  

account, the value considered was the one below (2r and 6r1). Responeses: Contents of acid equivalents is here  

referred as Liquid Mol (content of acid equivaletns in the liquid collected inside the autoclave, see Figure 5 from the  

report) and Sawdust Mol (concentration of acid equivalents in the sawdust in water extraction).Colour is measured in  

LCh colour space, the value considered is the E-value. Shear=failure of the samples in the longitudinal direction (0=no  

samples failed, 0,5=one of them failed; 1=the two of them failed).

Green Color pH

1 0 1 0 1 160 3 28,82 19,83 -8,99 95,592 0,5 64,86 3,64 0,000390 0,000192

2* 0 1 0 1 180 3 28,82 29,10 0,28 81,412 1,0 44,21 3,35 0,001283 0,000554

2r 0 1 0 1 180 3 28,82 23,32 -5,50 66,876 0,5 46,76 3,37 0,001897 0,000448

3 0 1 0 1 160 6 28,82 24,13 -4,69 85,983 0,5 57,76 3,54 0,001046 0,000371

4 0 1 0 1 180 6 28,82 24,25 -4,56 70,194 0,0 39,03 3,33 0,002044 0,000464

5 0 1 1 0 160 3 6,25 9,13 2,88 98,836 1,0 69,17 3,59 0,000316 0,000181

6* 0 1 1 0 180 3 6,08 9,38 3,30 79,576 1,0 53,51 3,33 0,002318 0,000403

6r1 0 1 1 0 180 3 6,08 9,53 3,45 74,321 1,0 52,56 3,41 0,002661 0,000461

7 0 1 1 0 160 6 6,08 10,50 4,42 85,448 1,0 61,76 3,52 0,001074 0,000283

8 0 1 1 0 180 6 6,17 11,48 5,32 68,016 1,0 46,99 3,36 0,003067 0,000482

9 1 0 0 1 160 3 25,60 19,92 -5,68 66,700 0,5 64,80 3,88 0,000222 0,000202

10 1 0 0 1 180 3 25,60 23,94 -1,66 57,388 0,5 47,31 3,45 0,002005 0,000490

11 1 0 0 1 160 6 25,60 21,64 -3,96 81,524 0,0 56,00 3,74 0,001377 0,000404

12 1 0 0 1 180 6 25,60 23,07 -2,54 46,364 0,0 41,49 3,31 0,002167 0,000492

13 1 0 1 0 160 3 6,06 8,84 2,78 80,371 0,0 67,28 3,54 0,000507 0,000284

14 1 0 1 0 180 3 6,25 10,35 4,10 55,467 0,5 52,59 3,35 0,002685 0,000486

15 1 0 1 0 160 6 6,19 11,40 5,21 84,956 0,0 61,12 3,46 0,001107 0,000382

16 1 0 1 0 180 6 6,22 11,99 5,77 49,891 0,0 46,32 3,35 0,002474 0,000492

17 0 1 0 1 170 4,5 28,82 24,36 -4,46 74,556 1,0 51,22 3,46 0,001730 0,000396

18 0 1 0 1 170 4,5 28,82 22,98 -5,83 90,014 1,0 49,53 3,51 0,001818 0,000451

19 0 1 0 1 170 4,5 28,82 23,69 -5,13 77,417 1,0 50,84 3,82 0,001792 0,000360

RSD 0 1 - - - - 6,25 - - 92,61500 0 - 4,48 - 0,000040

RPD 1 0 - - - - 6,21 - - 66,26791 0 - 4,01 - 0,000113

RSG 0 1 - - - - 28,82 - - 101,022 0 - 4,66 - 0,000037

RPG 1 0 - - - - 25,6 - - 85,379 0,5 - 4,45 - 0,000051

Samples Pine Spruce Pre-dry Temp (ºC) Time (h) Mc
i
 (%) MC

f
 (%) MC dif δ (MPa) Shear

Liquid Mol 
(Mol)

Sawdust 
Mol/g dry
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Statistical analysis: SIMCA

PCA-X

PCA-Y

2

Figure 1: Scores plot (top left), distance to model plot (top right),  

loading plot (bottom left) and X/Y overview (bottom right) for the  

process predictors.

Figure 2: Scores plot (top left), distance to model plot (top right),  

loading plot (bottom left) and X/Y overview (bottom right) for the  

process responses. The second component was forced.
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PCA-XY

PLS

3

Figure 3: Scores plot (top left), distance to model plot (top right),  

loading plot (bottom left) and X/Y overview (bottom right) for the  

process responses and predictors. Second component was forced.

Figure 4: Scores plot (top left), distance to model plot (top right),  

loading plot (bottom left) and X/Y overview (bottom right) for the  

process responses and predictors.
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PLS-XColour (E-value obtainded from the LCh colour space)

PLS-XStrength (as ultimate strength in a 3 point bending test)

4

Figure 5: Scores plot (top left), distance to model plot (top right),  

loading plot (bottom left) and X/Y overview (bottom right) for all  

predictors and only the response Colour.

Figure 6: Scores plot (top left), distance to model plot (top right),  

loading plot (bottom left) and X/Y overview (bottom right) for all  

predictors and only the response dMPa (ultimate strength in a 3  

point bending test).
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PLS-XLiquid acidity (In the water extracted from the autoclave)

PLS-XSawdust acidity (In the water extraction from sawdust of test samples)

5

Figure 7: Scores plot (top left), distance to model plot (top right),  

loading plot (bottom left) and X/Y overview (bottom right) for all  

predictors and only the response Acidity in the liquid (absolute  

number of mol of acid equivalent).

Figure 8: Scores plot (top left), distance to model plot (top right),  

loading plot (bottom left) and X/Y overview (bottom right) for all  

predictors and only the response Acidity in the sawdust  

(concentration of mol of acid equivalent per grams in dry weight).
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PLS-XShear failure (during the 3 point bending strength tests)

PLS-XpH

6

Figure 9: Scores plot (top left), distance to model plot (top right),  

loading plot (bottom left) and X/Y overview (bottom right) for all  

predictors and only the response Shear failure (proportion of  

samples which failed in the longitudinal direction during bending  

tests).Second component was forced.

Figure 10: Scores plot (top left), distance to model plot (top right),  

loading plot (bottom left) and X/Y overview (bottom right) for all  

predictors and only the response pH. Second component was  

forced.
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Statistical analysis: MODDE

Model 1 (Optimised for concentration of acid equivalents in the sawdust)

Model 2 (Optimised for strength and shear failure in a 3 point bending test)

Figure 12:  Overview of the model figures (Q2, R2, validity and  

reproducibility).

7

Figure 13: Effects of each of the predictors on 

the response Strength in a 3 point bending test.
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Figure 11: Overview of the model figures (Q2, R2, validity and  

reproducibility).
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Figure 14: Effects of each of the predictors on 

the response Strength in a 3 point bending test.


