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Abstract
Research on wood drying and wood modification is primarily done in laboratories, 
using clear wood specimens treated under well-defined conditions in laboratory 
cabinets. Laboratory tests differ from industrial treatment both regarding the size 
and homogeneity of the material treated, and the size of the batch and kiln used.  

Knowledge about how the size of the material treated and the size of the batch or 
kiln influence the results is limited, which makes it difficult to utilize results from 
laboratory research in development of industrial processes. A better understanding 
of the influence of size can also improve the possibilities to design laboratory 
studies so that the results are easier to implement industrially. 

The studies presented in this thesis focus on how the size of the batches treated 
and the size of the individual wood samples treated influence the process and 
resulting properties of the wood. The aim of the studies, the so called research 
question in the context of a PhD-thesis, is to help transfer knowledge gained from 
testing small wooden samples in laboratories to industrial treatment of full size 
timber.  

This thesis describes studies on vacuum drying, high temperature (HT) drying, and 
thermal modification of wood according to the Thermowood© process. Drying 
and thermal modification of wood have been studied under industrial and 
laboratory conditions. Kiln climates and wood response have been determined 
during vacuum drying, conventional drying, high temperature drying, and thermal 
modification. 

The results show that both the size of the material treated and the size of the kiln 
or batch strongly influence the processes and the resulting wood properties.  

The results show that the sample size influences different material properties in 
different ways. Equilibrium moisture content is reduced less during thermal 
treatment of small clear wood specimens than during treatment of dimensional 
timber. Mass loss on the other hand is higher in small samples. Reduction in 
impact bending strength, mass loss, and reduction in EMC after thermal treatment 
of dimensional timber do not seem to be correlated.  

Laboratory treatment of small clear wood specimens show considerably stronger 
influence on the wood properties than treatment of similar samples together with 
industrial production. 
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1. Introduction
This thesis describes studies on vacuum drying, high temperature (HT) drying, and 
thermal modification of wood according to the Thermowood© process. The 
common trait of the processes is that the wood is treated in superheated water 
vapour or steam with no or limited access of oxygen. The studies presented in the 
thesis are focused on different aspects of influence of size on the processes.  

Regarding vacuum drying the studies have focussed on how the climate 
surrounding the wood and inside the wood varies throughout the drying kilns 
depending of stack width, kiln dimensions, and fan configuration, and how to 
control climate in order to fulfil requirements on final moisture content (MC) for 
the dried products. 

Regarding HT-drying, studies on climates in kilns and resulting internal wood 
temperatures have been linked to studies on how the sample size during treatment 
influences resulting equilibrium moisture content (EMC) and strength properties 
of the wood. HT-drying is also an essential part of the Thermowood process as the 
wood is HT-dried before the temperature is increased to the plateau level where 
the desired chemical changes occur.  

Regarding thermal modification, the studies have focussed on climate variations 
within industrial kilns and resulting wood temperatures, with special focus on how 
the size of the material treated influence the internal wood temperature, resulting 
EMC, mass loss, and strength of the wood. Industrial treatment has been 
combined with treatment in laboratory to study the influence of the batch size on 
the results. One reference treatment has been done in pressurized steam to study 
the influence of drying during the process, and two reference treatments have been 
made in air to check the influence of oxygen present.   

1.1. Objectives of the thesis

The main objective of the thesis was to establish how the size of the material treated 
and the size of the batch treated influence the process and resulting wood 
properties after drying and thermal modification of wood in superheated water 
vapour or steam. 
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The studies on vacuum drying were primarily aimed to improve the capability of 
industrial vacuum kilns to produce wood with a low moisture content variation. 
The three main research questions were: 

1) Do the size of the material treated and the size of the kiln have a significant  
    impact on the process and resulting wood properties? 

2) How are mass loss, reduction in strength, and reduction of EMC correlated? 

3) Is it possible to transfer results from laboratory studies to industrial  
    production?  

1.2. Limitations

With the exception of the studies on vacuum drying where the target was practical 
advice on how to build kilns, the studies presented in the thesis have primarily 
been aimed at mapping influence of size on process and resulting wood properties. 
The aim has not been to explain the observed influences by physical processes or 
chemical reactions occurring during the treatments.  

The studies on HT-drying and thermal modification have only targeted treatment 
of softwood, and specifically Norway spruce and Scots pine. Douglas fir has been 
included as reference material in one study. Hardwood and other softwoods have 
not been included. 

With the exception of the reference treatments in saturated steam and in air, the 
studies on thermal modification have only targeted treatment in superheated 
steam according to the Thermowood process. 
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1.3. Historical background

The importance of using dry wood in furniture, ships, or buildings was recognized 
early. Theoprastus describes in his book "Enquiry into plants" around 300 BC how 
Greek carpenters allowed fir doors to dry for one year or more before the pieces 
were finished and jointed, in order to reduce warp (Capps, 1916). In China, Liu 
An states in 139 BC that "If one paints over untreated timber, the success is 
temporary and failure will definitively occur" (Zhang, 2000).  

It can be assumed that the absolute majority of the wood used in ancient times was 
naturally air dried, but there are written sources referring to artificial drying. The 
earliest example is smoke drying, possibly used in Greece already in the 7th century 
BC (Tiemann, 1926). Smoke drying was clearly done in China in the 2nd century 
BC, either with sawdust burning below the wood in brick-walled pits, or with the 
fire and wood in separate connected pits (Zhang, 2000). One example of wood 
treated according to the method is the Shan-sheng temple built in 1143 where the 
ties still show signs of smoke drying (Fu et al., 2008).  

Smoke drying was also used during the first century in the Roman Empire. 
Columella advices to build a "smoke chamber" adjacent to the baths at a country 
estate in order to dry wood (Columella, 2009). Smoke was not the only method 
for artificial drying available to the Romans. Pliny states that carpenters achieve a 
surprising reduction in weight of the wood by repeatedly burying the wood in 
grain, whilst Cato prefers to bury the wood in a dung-heap to simultaneously dry 
it and harden it (Meiggs, 1982). Cato could thus be the first author to actually refer 
to chemical modification of wood. 

The techniques for artificial or kiln drying of wood did probably not change in the 
following centuries. Artificial drying would be done by means of hot air or smoke 
passing the wood by means of natural circulation. Smoke kilns that used a similar 
principle as the ancient Chinese kilns were still in operation in Southern USA well 
into the 20th century (Koehler and Thelen, 1926).  

A patent on drying of wood for shipbuilding was issued in UK in 1636, and green 
houses were used as drying kilns at the French court in the 17th century (Campean, 
2010). In 1767 Duhamel De Monceau pioneers a more systematic approach to 
wood processing in "Du transport, de la conservation et de la force des bois" where 
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he describes wood moisture relations, drying methods, and influence of drying and 
steaming on wood properties (Duhamel, 1767).  

A number of patents on artificial drying equipment were filed in the first half of 
the 19th century. Langton patented a vacuum kiln in 1825, De Mecquenem a 
drying stove in 1837, as well as Chapellier in France in 1838, followed by 
Davidsson and Symington patenting a kiln with forced circulation of hot air in 
1844 (Tiemann, 1926).  

Achieving sufficient air circulation was a key element in early kiln designs. Natural 
draught was increased by advanced systems for stacking the wood in combination 
with cooling of the air returning to the kiln bottom, and chimneys were used to 
increase ventilation. Steam nozzles and water-spraying were used to further increase 
the air flow through the packages before efficient electric fans became available. It 
was not until efficient axial fans were introduced that development of kiln designs 
accelerated.  

The progressive kiln was introduced by Sturtevant in USA, and by 1890 forced air 
circulation dryers with capacity of 300 m3/day were marketed (Howard, 1920). By 
1926 drying kilns equipped with electric fans and electronic climate control 
systems were in production (Koehler and Theler, 1926), which means that by that 
time the kilns were in principle similar to kilns used today.  

Artificial drying was established earlier in North America than in Europe. In 
Sweden, artificial drying had only been used to an insignificant degree even at 
larger sawmills as late as 1927 (Lundberg, 1927). The first larger Swedish drying 
kiln equipped with electric fans was built at Kastet sawmill and was in operation 
in 1929 (Sec., 1929). 
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History of drying under superheated conditions 

An equipment for drying wood in superheated steam was patented in USA in 1867 
(Allen and Campbell, 1867). A patent from 1908 focusses on faster drying of wood 
in combination with improved material properties, claiming reduced checking, 
warp, and resin bleed from the treated material (Uphus and Chapman, 1908). In 
1920 the principal causes for the difficulty to obtain a low variation in moisture 
content with superheated steam drying are identified. Also when high 
temperatures are used, the superheated steam will quickly release the heat available 
to the wood with the effect that only the first rows of wood will dry (Tiemann, 
1920). Tiemann patented a design of a superheated steam drying kiln that was 
designed to reduce the drawbacks by using high stream velocities, reversed steam 
flow, narrow sticker packages and intermediate heating of steam between the stacks 
(Tiemann, 1918).   

History of vacuum drying 

Langton patented a vacuum drying kiln in 1825 (Tiemann, 1926). A vacuum 
drying kiln used for production of shoulder stocks for army rifles was patented in 
United Kingdom in 1891 (Howard, 1891). The patent covered cyclic as well as 
constant vacuum, and in a following patent Howard introduces the concept of a 
pre vacuum phase as well as a pressure treatment following the vacuum phase 
(Howard, 1894). Industrial vacuum drying was attempted in Sweden by Albert af 
Forselles in 1923, but the design was not successful due to difficulties to transfer 
heat to the wood and high energy consumption of the vacuum pump. More 
efficient kilns using intermittent vacuum were soon produced in Sweden by 
Svenska Maskinverken, with improved heat transfer and lower energy 
consumption (Lundberg, 1927) using a similar drying principle as Howards patent 
(Tiemann, 1926). Energy transfer was also the focus when a radio frequency 
vacuum (RFV) drying was patented in USA in 1945 (Luth and Krupnick, 1945).  

The interest of vacuum drying is shown as several authors refer to vacuum drying 
(Tiemann, 1920; Lundberg, 1927; Kollmann, 1936; Voigt et al., 1940; Malmqvist 
and Noack, 1960; Noack, 1965). A "small number" of vacuum kilns were in 
operation in the Nordic countries by the end of 1920-ies (Lundberg, 1927), but 
industrial applications seem to have been limited. Pagnozzi patented a vacuum kiln 
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using hot plates in 1965 (Campean, 2010). The kilns designed by Pagnozzi mark 
the start of the more widespread use of industrial vacuum drying in Europe.   

A comment made by Tiemann almost 100 years ago hints that some parties might 
have promised too much concerning vacuum drying: In the first place, it should 
be borne in mind that it is the heat which produces evaporation and not the air 
nor any mysterious property assigned to a "vacuum" (Tiemann, 1920). This 
comment is certainly still valid, and clearly concerns the studies presented in this 
thesis.   

History of thermal modification 
 
A thermally modified product was successfully launched more than 100 000 years 
ago, as shown by the fire hardened tip of the Lehringen spear found in 1948, 
buried inside the skeleton of an elephant (Adam, 1951). The spear is the oldest 
known thermally modified wooden object, produced either by Homo 
Heidelbergensis or Homo Neanderthalensis.  

The importance of durability for wooden products was identified already in the 
Neolithic age (the approximately 5000 years preceding the Bronze Age), as the 
sapwood of oak was removed when building planks were prepared (Coles, 1987). 
Early examples of wood being thermally modified to improve resistance to decay 
are post holes from Scandinavian Bronze age buildings, showing concentrations of 
charcoal and soot indicating that the ends of the posts have been charred 
(Artursson, 2016).  

Written accounts of thermal modification to improve durability exists from the 1st 
century AD in Rome when Vitruvius states that city walls should be reinforced by 
charred olive timbers: "Charred olive wood is a material that is not destroyed by 
rotting, weather or age, it may lay in the ground or in water for indefinite time 
without decaying" (Vitruvius, 1989).  

The principal influences of elevated temperatures on wood properties were known 
already in the early 19th century. Tredgold quotes Encyclopaedia Britannia in 
stating that steaming of wood improves resistance against white rot, but Tredgold 
refers also to Duhamel (1767) when stating that steaming and boiling lead to mass 
loss (Tredgold, 1820).  
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Scientific studies on the influence of elevated temperature on strength and 
Equilibrium Moisture Content (EMC) were organized in the early 20th century at 
Yale University, and both reduced strength and EMC after treatment in high 
temperature were shown. The scientists were already aware of the influence of size, 
as Tiemann comments that the tests were made on small samples and that large 
blocks would show different results (Tiemann, 1915).  

Thermally modified products were introduced by Kollmann in 1936, Seeborg et 
al. in 1945, and Stamm et al. in 1946, but with limited success (Esteves and Pereira, 
2009). It was not until the last years of the 20th century that thermally treated 
wood started to be introduced commercially on a larger scale.  

The Plato method consists of three steps: initial treatment in pressurized hot water, 
drying, and a dry treatment in steam or air. The method was patented in 1989 
(Ruyter, 1989). Plato was followed by the Rétification process using nitrogen (Dirol 
and Guyonnet, 1993), and the Thermowood process using superheated steam 
(Viitaniemi et al., 1994), with the Thermowood process being the most 
widespread.  
 
Several more processes soon followed; Le Bois Perdure in France that uses the 
wood moisture as protective gas (Sandberg and Kutnar, 2016), Menz Holz using 
hot oil (Rapp and Sailer, 2000), Firmolin using pressurized steam (Willems, 2009), 
and the Termovuoto process in which the thermal modification is performed 
under reduced pressure or vacuum (Ferrari et al., 2013). 
 
The importance of the Thermowood system for the success of thermal 
modification as a whole should not be underestimated. Thermowood provided a 
technical solution combined with a branding organization and a third party 
certification system, creating a platform both for joint marketing activities and 
joint research and development, both critical aspects in the introduction of a new 
kind of material.  
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2. Theoretical background
There are many reasons why wood needs to be dried. Dry wood will not rot and 
will not be discoloured by bluestain or mould. Dry wood is not as heavy as fresh 
wood from the tree. Dry wood is stronger and has higher stiffness than green wood. 
Dry wood is harder than wet wood. Dry wood has better heat insulation properties 
than unseasoned wood. Wood needs to be dried to a moisture content level 
corresponding to the climate in which it will be used in order to reduce shrinkage 
of the finished product. Proper drying will make it easier to cut and plane the 
wood. Wood needs to be dry before it is painted. 

Industrial drying of sawn planks and boards is to an absolutely dominating share 
done by air circulating around the wood, either as natural outdoor drying or as 
artificial drying in drying kilns. The air carries the energy needed for evaporation 
of the moisture to the wood, and carries the moisture away from the wood as it 
evaporates. 

Industrial kiln drying of softwood is normally done at dry bulb temperatures 
ranging from 60°C to 80°C. The wet bulb temperature should if possible be kept 
above 50°C in order to avoid mould growth (Esping, 1988). The drying process 
comprises of three main phases;  

1) Heating to the drying temperature. Cold wood is more prone to checking than 
warm wood and thus drying should be avoided during the heating phase. The air 
in the kiln is usually moistened by steaming or water spraying during heating.  

2) Drying phase. The surface of the wood is dried by the warm air circulating 
through the kiln, and the moisture evaporated from the surface is replaced by 
moisture from the interior of the wood. In the early stages of drying the wood cells 
are more or less filled with water, allowing a fast flow of moisture to the surface, to 
a large extent powered by capillary forces. As the wood dries, the continuous body 
of water is broken up and the capillary flow is halted. The moisture flux from the 
interior to the surfaces in the later stages of drying will then be driven by diffusion, 
initiated by the gradient in moisture content between the interior and the surface. 

3) The drying is ended when the wood has dried to a suitable moisture content 
level. Often a conditioning phase is added where moisture and heat is added to 
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the wood surfaces in order to both reduce the final moisture content gradient and 
reduce internal stresses that have been created during the drying process.   

The diffusion controlled drying process is both a benefit and a drawback of 
conventional drying. Since diffusion is driven by the moisture gradient between 
the interior and surface of the wood, a wet plank will dry faster than a dry plank. 
Differences in initial moisture content and in drying characteristics will be reduced 
and the variation in final moisture content after drying will be small. At the same 
time diffusion is a relatively slow process. Faster drying requires a steeper moisture 
gradient, with increased drying stresses and drying checks as result. Controlling 
the drying process will be a balance between capacity and quality. Larger 
dimensions as well as sensitive wood species may require very long drying times. 
The temperature range available can also lead to difficulties since some wood 
species will be damaged if treated at temperatures high enough to avoid mould 
growth.  

Drying in superheated steam or water vapour can eliminate some of the difficulties 
seen in conventional drying. Drying can be done considerably faster than 
conventional air drying, and in vacuum drying sensitive wood species can be dried 
without risk of mould growth or discolouration due to oxidation. 

2.1. Vacuum drying

Vacuum drying refers to drying at a pressure lower than normal atmospheric 
pressure, rather than actual vacuum. The most common varieties of vacuum drying 
are constant vacuum drying with convective heat transfer, and intermittent 
vacuum drying where the kiln alternates between a heating phase at atmospheric 
pressure and a drying and cooling phase at reduced pressure. The studies in this 
thesis are focussed on constant vacuum drying.  

During constant vacuum drying with convective heat transfer, the energy is 
transferred to the wood by the vapour circulating through heating coils and the 
wood stack in a similar way as the air in a conventional drying kiln. 

The climates possible in a vacuum kiln using convective heat transfer are limited 
by the saturation curve and the need to have enough vapour present to transfer 
heat to the material. In addition to the limits above there is a practical limit of 
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approximately 80°C above which cost of fan motors increases and the pressure no 
longer is significantly reduced. Figure 2:1 shows the limits of the climates normally 
used in constant vacuum drying with convective heat transfer. 

 
Figure 2:1. Theoretically possible and normally used drying climates in vacuum 
drying kilns. RH during drying varies from 21% at 80°C and 10 kPa to 100% at 
the saturation pressure. From Paper II. 

In addition to convective heating using the water vapour, energy transfer during 
constant vacuum can be done by hot plates pressed against the wood or by radio 
frequency heating (RFV). Hot plates are mainly used in smaller industries like 
carpentry shops, while RFV has been used in a small number of industries mainly 
in North America. These heating methods that allow drying at lower pressures 
than convective heating have not been included in the thesis due to their limited 
use in the industry. 

Main advantages and drawbacks of vacuum drying 

The main advantages of constant vacuum drying are linked to the low pressure, 
absence of air, and a closed environment: 

1) The reduced pressure leads to corresponding reductions in saturation pressure 
and boiling point of water. This makes it possible to use the vapour pressure as 
driving force for moisture flux out of the material also at moderate temperatures 
(Perré, 2011).  
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2) Absence of air and oxygen eliminates damage to the wood by mould growth or 
oxidation. This makes it possible to use temperatures and humidity levels that 
would lead to mould growth in a conventional kiln, and eliminates the risk of 
discolouration caused by oxidation. 

3) The closed autoclave allows for reduction of energy consumption as well as 
emissions of exhaust fumes from drying. The closed process can be of great value 
for industries with lacking boiler capacity as well as industries situated in cities.  

The main drawbacks of vacuum drying at constant vacuum are related to the 
energy transfer to the wood and difficulties to obtain a low final MC variation after 
drying: 

4) The low density of the water vapour and the low capacity of the superheated 
vapour to carry surplus energy limit the heat transfer to the wood. High vapour 
velocities are needed to achieve a sufficient energy transfer, with corresponding 
high pressure drop over the wood stack as result. The high pressure drop will have 
the effects that a significant part of the vapour flow risk to pass around the wood 
stack rather than through the stack, and to variations in vapour flow through 
different parts of the stack.  

As the vapour enters the undried wood stack, the free energy is rapidly lost to the 
wood, after which the vapour becomes saturated. Since drying only will occur if 
energy is transferred to the wood, only the first pieces of wood in the stack will 
actually start to dry. The pieces "downwind", further into the stack, stay wet until 
the surfaces of the pieces "upwind" have dried to a level where the surface 
temperature approaches the vapour temperature, allowing energy to be delivered 
deeper into the stack. The initial drying will thus be characterized by a gradual 
transfer of a "drying zone" from the pressure side to the suction side of the stack. 
The temperature drop across the stack stays constant until the "drying zone" has 
passed through the stack, after which the vapour temperature on the suction side 
rapidly increases to values close to the set-point dry bulb temperature. 

5) As opposed to conventional drying where the moisture flux is driven by 
diffusion, vacuum drying will to a large extent show moisture flux driven by the 
internal vapour pressure in the wood, pushing vapour and water out to the 
surfaces. In conventional diffusion driven drying, wet pieces will dry faster than 
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dry pieces and differences in MC content will be reduced as the wood dries. This 
homogenizing effect is greatly reduced in vacuum drying where diffusion is less 
prominent.    

2.2. High temperature drying

High temperature (HT) drying is made at a dry bulb temperature above 100°C. 
HT- drying can in turn be divided into superheated vapour drying done at wet bulb 
temperatures below 100°C, and superheated steam drying at wet bulb 
temperatures equal to 100°C (Kollman and Côté, 1968). In superheated steam 
drying, no air or oxygen is present. HT-drying is also an essential part of thermal 
modification according to the Thermowood process since the wood needs to be 
dried before the temperature is increased to the plateau temperature. 

As in conventional drying, the heating phase is principally different to the drying 
phase. During heating, steam or vapour is allowed to condense on the wood 
surfaces. The heat of evaporation will be released leading to a rapid temperature 
increase at the same time as the water condensed on the surface will reduce pre 
drying.  

During the drying stage, condensation should not occur. The energy available for 
drying is then limited to the surplus energy of the superheated steam or vapour as 
in vacuum drying. Also when high temperatures are used, the superheated steam 
will quickly release the heat available to the wood with the effect that only the first 
rows of wood will dry (Tiemann, 1920). As in vacuum drying we will see a drying 
zone propagating through the stack during the drying process (Pang et al., 1994). 
Higher steam velocities will lead to shorter total drying times, with increasing 
influence of the steam velocity at higher kiln temperatures (Schneider and Wagner, 
1983). Steam flow velocities in HT-drying kilns are commonly 2-3 times higher 
than in conventional kilns.  

Industrial HT-drying of 50 mm Radiata pine requires 13-20 h as compared to 150 
h in a conventional kiln (McCurdy, 2005).  The moisture flux will primarily be 
driven by internal vapour pressure at higher drying rates. An increase in wet bulb 
temperature, which in conventional drying would lead to slower drying, can in HT-
drying lead to an increase in energy transferred to the wood with corresponding 
increase of internal pressure and drying rate (Schneider, 1981).  
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The pressure driven drying has the effect that moisture content variation will not 
decrease during drying in the same manner as in conventional drying. HT-drying 
schedules are designed to dry the wood batch well below the target MC level, and 
remoisten the wood back to the target level by steaming during the conditioning 
phase, achieving acceptable MC variation at the same time as drying stresses are 
released. Optimal conditioning may require drying down to 6% MC before 
remoistening (Pang et al., 2001). 

The evaporation of moisture will limit the dry temperature of the kiln also if the 
set temperature is high and the power output of the heating coils is high. The dry 
temperature will remain close to 100°C until the surface wood is dry, after which 
it gradually will start to rise towards the set temperature, as will be shown in the 
experimental sections.  

HT-drying will influence EMC as well as strength properties. The changes in 
properties during HT-drying are most likely primarily linked to hydrolysis of the 
hemi celluloses (Fengel, 1966). 

Higher drying temperatures will lead to a shift in the chemical composition of 
emissions from the wood during drying, as for instance increase in total VOC, 
Methanol, and Formaldehyde (Milota, 2004a and b). The shift in emissions is an 
indication that the chemical reactions occurring during the drying process depend 
on temperature. 

Several studies have shown reduced EMC of the wood after HT-drying (Tiemann, 
1915; Salamon, 1963; Troxell and Luza, 1972), although one study has shown 
unchanged or even higher EMC (Frühwald, 2007). 

Influence of HT-drying on strength properties 

Relatively few studies on strength reduction of dimensional timber during HT-
drying have been published. The results vary considerably due to differences in 
wood species, grade, dimensions, drying schedule and other unknown parameters 
in the studies. Table 2:1 summarizes data from eight studies published between 
1915 and 2003. Average reduction in bending strength is shown also if the author 
stated that differences were not statistically significant.  
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Table 2:1. Summary of studies on reduction in bending strength after HT-drying 
of dimensional lumber.  

Study Wood 
species 

Dimension 
during drying 

 

Maximum 
temperature 

(°C) 

HT Drying 
time  
(h) 

Reduction in 
bending 

strength (%) 

Tiemann, 
1915 

Loblolly 
pine 

Not stated 134 4 10 

Salamon, 
1963 

Douglas fir 

 

2x8" 104 41-63 9-17 

Kozlik, 1967 Douglas fir 

Western 
hemlock 

2x6" 110 

110 

50 

75 

23 

10-18 

Troxell and 
Luza, 1972 

Lodgepole 
pine 

2x4" 104 48 4,7 (vs kiln) 
9,7 (vs air) 

Yao and 
Taylor, 1979 

Southern 
pine 

(2 qualities) 

2x6" 115 

115 

13 

13 

-5,2  

0,1 

Betzhold, 
1999 

Norway 
spruce 

50x150 115 Not stated 7,0 

Dahlberg, 
2003 

Norway 
spruce 

50x150 125 7,5 5,0 

Thiam et al., 
2002 

Western 
hemlock 

42x145 
(2x6") 

116 24 4.7 

 

2.3. Thermal modification

Thermal modification of wood is done to improve resistance to decay, improve 
dimensional stability, alter the colour, and reduce resin bleed. The targeted 
properties are reached at the cost of reduced strength.  

Thermal modification is a complex process involving both physical and chemical 
changes of the wood structure, different processes that may contribute in the same 
direction, or counteract one another. Physical changes are for instance evaporation 
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of moisture and volatile components, rearranging of resins, and shrinkage. 
Chemical changes are depolymerisation, recondensation, carbonisation, and 
devolatilization (Perré, 2011). 

The complexity of the process increases as temperature is altered throughout the 
process, degrade products formed act as catalysts for further reactions, and both 
moisture available for hydrolysis and catalysts formed continuously move from the 
interior to the surfaces and evaporate from the material during treatment. Both 
the physical and chemical environment inside the wood will change throughout 
the process. 

The dimensions of the material treated will influence both heat and mass flux. 
Internal temperature, moisture available, concentration of catalysts, and removal 
of volatile and non-volatile products will be different in a small clear wood sample 
as compared to full size dimensional lumber. 

Thermal degrade of wood will be strongly influenced by moisture available. 
Heating of wood submerged in water will mainly lead to hydrolytical reactions 
(Fengel and Wegener, 2003). Treatment in saturated steam or water lead to higher 
strength reduction than treatment in dry air at the same temperature (MacLean, 
1951 and 1954). Mass loss during thermal treatment in a mixture of air and water 
vapour will increase with higher RH (Borrega and Kärenlampi, 2008). Moisture 
dependent reactions can be assumed to occur during the HT-drying stage of the 
treatment, until all moisture has been removed. When the temperature is 
increased up to the plateau temperature, available moisture will be limited to water 
formed during degradation of wood constituents, and other reactions than 
hydrolysis can be assumed to dominate. Degrade of spruce wood components by 
exothermal reactions occurring above 200°C are shown by Fengel and Wegener 
(2003). Exothermal reactions is a clear indication of other reactions than hydrolysis 
occurring. 

Although oxygen not should be present during the Thermowood process, the 
influence of oxygen during thermal modification of wood needs to be taken into 
account when laboratory studies are evaluated. Oxygen will influence thermal 
treatment also at relatively low temperature levels, leading to oxidation and 
significant differences in the chemistry of degradation (Stamm, 1956; Hill, 2006).   
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2.4. Influence of size on strength reduction

Research on how HT-drying and thermal treatment affects strength of wood have 
been conducted on all sizes of material. Analyses have been made after thermal 
treatment of wood powder (Fengel and Przyklenk, 1970), on ultra-thin cross 
sections (Fengel, 1966), small cubes (Kollmann and Schneider, 1963; Korkut et al., 
2008), clear wood sticks (MacLean, 1953; Rusche, 1973; Kubojima et al., 2000; 
Frühwald, 2006), sawn timber (Tiemann, 1915; Salamon, 1963; Huffmann, 1977; 
Schneider, 1981; Thiam et al., 2002; Bengtsson et al., 2002), and roundwood 
(Lowery and Rasmussen, 1953; Chui et al., 2001).  

Stamm compiled results from a large number of laboratory studies on thermal 
treatment of sawdust, wood fibres and veneer. Thermal treatment in air led to 
faster degrade than under oxygen free conditions. Humid conditions led to faster 
degrade than dry conditions, and treatment under closed conditions led to faster 
degrade than open systems.  Although both the material treated and treatment 
conditions varied, the studies showed a common correlation between treatment 
temperature, time, and degrade (Stamm, 1956).  

However, when loss in strength of planks during HT-drying is compared to the 
correlations shown by Stamm, strength loss of planks seems to be considerably 
faster. The study by Tiemann in Table 2:1 showed a 10 % reduction in bending 
strength of Loblolly pine after 4 h treatment at 134 °C. The correlation presented 
by Stamm would indicate that a 10% reduction in tensile strength at 134°C would 
require approximately 150 h treatment. HT-drying of Norway spruce planks at 
125°C temperature for 7.5 h led to 12% reduction in average tensile strength 
(Källander and Bengtsson, 2004), which would correspond to 250 h in the 
correlation presented by Stamm.  

Both the great variation in strength loss of dimensional timber, as shown in Table 
2:1, and the great difference in response to thermal treatment between small 
samples and dimensional timber, makes it difficult to transfer laboratory results to 
industrial processes. The strength reduction of dimensional timber seems to be 
governed by other parameters than strength reduction of clear wood specimens.  
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Dahlberg compared strength properties of conventionally dried and HT-dried 
50x150mm Norway spruce, showing a reduction of tensile strength by 
approximately 12%, without influence on stiffness or density (Dahlberg, 2003). 
Tests on clear wood revealed no difference in energy of rupture but a dramatic 
decrease in tensile strength perpendicular to grain.  
 
A multi variate analysis of the results indicated that the reduction in strength of 
the HT-dried planks was linked to knots, and then especially black knots 
(Dahlberg, 2003). The two results indicate that the faster reduction in tensile 
strength for sawn planks as compared to clear wood samples shown in Figure 2:3 
can be caused by reduced tensile strength perpendicular to grain around knots and 
other areas with irregular grain. If the assumption is correct, thermally modified 
clear wood samples should rather be tested in tension perpendicular to grain than 
in static bending or tension parallel to grain. 
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3. Studies on vacuum drying
The studies on vacuum drying focussed on the two principal drawbacks of the 
process mentioned in Section 2.1 above: the low capacity to transfer heat to the 
wood, and the difficulties to obtain a low MC variation after drying.  

Climate variations in industrial vacuum kilns were measured during drying, and 
modifications to improve the performance of the kilns were suggested. 
Requirements on climate control in the kilns were calculated based on correlations 
between EMC of the wood at different pressures and temperatures, and final MC 
variation accepted.  

3.1. Kiln climates during vacuum drying

The measurements of temperatures during vacuum drying described in Paper I and 
Paper III showed systematic differences in drying climate between different parts 
of the drying kilns. The position of fans and heating coils had critical influence on 
the resulting climate and kiln efficiency. The low capacity of the superheated 
vapour to carry surplus energy led to a rapid drop in temperature as the vapour 
entered the wood stack. Greater heat losses at the ends of kilns and through the 
loading truck as compared to the centre parts of the kiln lead to corresponding 
lower temperatures. Variations in drying characteristics between different packages 
of wood dried had a devastating effect on the resulting drying climate. 

Measurements of kiln climate were made in three vacuum kilns with different 
configurations of fans and heating coils, see Figure 3:1. 

 
Figure 3:1. Different fan configurations in vacuum kilns studied. From paper I. 
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The flow of vapour from the pressure side to the suction side of the fans will always 
follow the path with the lowest resistance. The measurements showed that the 
vapour flow in kilns with fans placed besides the stack was highly irregular or even 
short circuited. Wood close to the fans dried faster than the wood farther away, 
and certain parts of the stack showed temperatures indicating very low vapour 
speeds, with systematic differences both in final moisture content and drying 
degrade as result. Kiln B in Figure 3:1 showed average final MC of 7.52% for 
samples collected in the hot position close to the fans, and as high as 11.14% for 
samples from the cold position opposite to the fans.  

The negative effects of irregular vapour flow are accentuated by the low capacity of 
the superheated vapour to carry heat. The vapour will quickly release the surplus 
heat after entering the stack, with the effect that only the boards closest to the 
pressure side are dried. It is not until the boards close to the edge have started to 
dry and absorb less heat that the boards further in start to dry. If vapour flow is 
not reversed, then the result will be a sequential drying process with a "drying zone" 
propagating through the stack from the pressure side to the suction side. The effect 
is illustrated in Figure 3:2 showing temperatures on the pressure side and suction 
side during drying of 22 mm oak. The temperature on the suction side of the stack 
is suddenly increasing after approximately 75 h drying as the drying zone has passed 
through the stack.  

 

Figure 3:2. Temperatures on pressure side and suction side of 2.1 m wide stack 
during drying of 22 mm oak. From Paper I. 
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The measurements showed a strong influence of differences in heat loss through 
different parts of the kiln. Higher heat losses at the ends of the kiln, and especially 
through the door of the kiln, led to systematically lower temperatures at the ends 
as compared to the centre parts of the kiln, especially in the later stage of drying 
when the energy demand is lower. Figure 3:3 shows temperatures in different 
positions along the length of a vacuum kiln during drying. As the power of the 
heating coils is reduced after approximately 100 h, the temperature close to the 
door end drops in comparison to the centre parts of the kiln. 

 

Figure 3:3. Influence of heat loss through the ends of the kiln on temperature 
distribution along a vacuum kiln during drying. From Paper I. 

The measurements also showed the influence of different drying characteristics of 
different wood packages in a kiln with a single climate control zone for the entire 
kiln length, with one control valve for all heating coils. Figure 3:4 shows 
temperature distribution along the length of a kiln during drying of beech with 
mixed dimensions. The temperature gauges were placed beside thinner material 
and the power was reduced when the thinner material was requiring less energy. 
The temperature at the thicker boards, still at a higher MC level, drops. 
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Figure 3:4 Influence of different drying characteristics of the wood on the 
temperature distribution along a vacuum kiln during drying. From Paper I.  

3.2. Demands on climate control in vacuum kilns

The performance of the vacuum kilns above was compared to the requirements on 
MC after drying as defined by the European Drying Group (EDG, 1994), and 
theoretical requirements on climate control were determined.  

By calculating the relative vapour pressure at different temperatures and absolute 
pressures (Grigull et al., 1990), and combining that with EMC of Sitka spruce at 
different temperatures and relative humidities (RH) from (Esping, 1992), EMC at 
different temperatures and absolute vapour pressures was estimated. Figure 3:5 
shows the calculated EMC at fixed pressures and Figure 3:6 at fixed temperatures. 
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Figure 3:5. EMC of Sitka spruce calculated at fixed pressures. From Paper II. 

 

Figure 3:6. EMC of Sitka spruce calculated at fixed temperatures. From Paper II. 

Combining the results with the requirements on MC variation as defined by EDG 
provides requirements on temperature and pressure control. Figure 3:7 and Figure 
3:8 show the acceptable temperature and pressure variations allowed to reach 
drying classes E (Exclusive), Q (Quality) and S (standard). 
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Figure 3:7. Acceptable temperature and pressure variations to reach EDG drying 
classes E, Q, and S at absolute pressures 10 kPa and 30 kPa. From paper II. 

 

Figure 3:8. Acceptable temperature and pressure variations to reach EDG drying 
classes E, Q, and S at absolute pressures 10 kPa and 30 kPa. From paper II. 

The graphs in Figure 3:7 and Figure 3.8 show how the requirements on climate 
control increase with increase of target MC. The tighter demands on climate 
control is one of the reasons why successful vacuum drying mainly is used for 
products like furniture or parquet, products dried to lower MC levels like 6-8%. 
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Suggestions to improve vacuum kiln performance 

The accuracy of the climate control in the vacuum kilns studied was not sufficient 
to meet the requirements on final MC as defined by EDG. However, it is clearly 
possible to improve the performance by a set of measures basically following 
common sense in kiln control, as shown in Paper III. Figure 3:9 shows the 
suggested improvements. 

 
Figure 3:9. Suggestions to improve performance of vacuum kilns. From Paper III. 

1) The pressure control system should allow for very precise control of pressure, 
maintaining the set pressure within tight limits. Since the pressure will be constant 
along the length of the kiln, a well-defined pressure will facilitate control of drying 
climate. A possible solution is to use a vacuum pump equipped with frequency 
control to avoid sudden fluctuations caused by the pump being turned off and on.   

2) The temperature control system should be divided into separate individual 
control zones along the length of the kiln. Separate climate control zones with 
individual measurement of temperatures and heat valves allow both to handle 
wood with different drying properties and to counter act the higher heat loss at the 
ends of the kilns. 
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 3) The fans and heating coils should be placed in such a way that a controlled 
vapour flow through the entire drying batch is secured. In a very short kiln this 
may be accomplished by fans placed at the ends of the kiln, but for a longer kiln 
the fans should be placed above the stack. Weights or plates on top of the stacks 
can serve the double functions of reducing warp and reduce leakage of vapour 
around the stacks. 

4) A conditioning system with possibility to add moisture to the wood should be 
incorporated in the system. Systems using moisture from the wood during 
conditioning have proven to be unsatisfactory.  

5) Heat losses from the process should be minimized and cold bridges should be 
avoided, for instance by adding heat insulation to the loading truck. 
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4. Studies on high temperature drying 
The studies were made as part of a larger R&D-programme evaluating strength 
properties of Norway spruce after HT-drying. The studies included in the thesis 
covered kiln climates and resulting wood temperatures, strength properties of 
dimensional Norway spruce, and influence on EMC. 

4.1. Kiln climate and wood response

The temperature measurements during industrial HT-drying show the strong 
influence of evaporation of moisture on both the dry temperature of the kiln and 
the internal wood temperature. Figure 4:1 shows the temperature development in 
kiln and wood during drying of 50x150mm Norway spruce done at set dry bulb 
temperature 125°C and constant power rate of 20kW/m3. As expected the dry 
temperature of the kiln gradually increases during the initial drying phases, 
reaching the set value approximately 12 h into the drying phase.   

 

Figure 4:1. Temperature development in kiln and wood during HT drying of  
50x150mm Norway spruce. From Paper VI. 

Figure 4:1 also shows the influence of evaporation on the interior wood 
temperature. After the surfaces have dried out, the evaporation of free moisture 
will take place at an evaporation zone that is gradually moving deeper into the 
wood. Outside the evaporation zone the temperature will show a gradient up 
towards the dry temperature of the surrounding atmosphere. At the evaporation 
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zone, and inside the evaporation zone, the temperature will remain close to the 
wet bulb temperature of the surrounding atmosphere. The interior temperature is 
slightly higher than the wet bulb temperature due to the difference in absolute 
pressure between the interior and surroundings.  

The temperature development in the kiln and in the wood during laboratory 
treatment showed a much more rapid adjustment to the set values. Figure 4:2 
shows the temperature development in a laboratory cabinet during treatment of 
50mm cubes of Norway spruce and Douglas fir. At nominal constant power 
exceeding 2 MW/m3, the set-point dry bulb temperature 125°C is reached within 
30 min. and internal wood temperature reaches 125°C after 2 h treatment.

 

Figure 4:2. Temperature development in kiln and wood during laboratory 
treatment of 50mm cubes of Norway spruce and Douglas fir. From Paper VI. 

The temperature distribution during HT-drying of extremely large cross sections 
will show a principally different pattern as compared to both planks and clear wood 
samples. The relatively small surface area in relation to the volume, and the longer 
distances for heat and moisture flux involved, lead to a gradient in the internal 
temperatures throughout the drying process. Figure 4:3 shows the temperature 
distribution during drying of a 0.55m log at constant dry temperature 105°C and 
wet bulb 85-72°C. 
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Figure 4:3. Kiln climate and internal wood temperature distribution during HT-
drying of a 0.55m diameter log. Temperature measured at depths from 25mm to 
100mm from the surface. Steaming ended after 8 h. From Paper VI. 

Figure 4:4 shows MC distribution in the log after different drying periods. 
Approximately 2m long pieces for dry weight sampling were removed from the 
kiln, starting at the top end. The tapering of the log has the effect that the MC- 
profiles are representative of different log diameters.    

 

Figure 4:4. Moisture content distribution during HT-drying of a log with diameter 
0.55m at butt end and 0.49m at top end. From Landel (2004). 

4.2. Influence on material properties

Clear wood samples were thermally treated in laboratory after cutting. Figure 4:5 
shows the influence on EMC of 50mm cubes of Norway spruce and Douglas fir 
treated in humid air at 105°C for periods between 6 h and 96 h. The samples 
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showed a drop in EMC after 6 h treatment. Longer treatment times did not lead 
to any significant increase in EMC reduction. The results show that the changes 
in EMC occurred early during treatment. The temperature measurements in 
Figure 4:2 show that internal wood temperature reaches surrounding temperature 
after 2 h treatment, which indicates that all moisture has been removed.  

The early change in EMC followed by stable conditions indicates that the EMC 
reduction is dependent on the moisture initially present in the wood. The 
reduction in EMC could then be dependent on hydrolysis occurring before the 
samples have adapted to the treatment climate. There is also a possible physical 
explanation, where shrinkage would reduce the EMC.  

 

Figure 4:5. Influence of treatment in humid air at 105°C on EMC of 50mm cubes 
of Douglas fir and Norway spruce. From Paper VI. 

Treatment in humid air and saturated steam showed different influence of 
temperature depending on the treatment atmosphere. Figure 4:6 shows the 
resulting EMC of 50mm cubes of Douglas fir and Norway spruce after treatment 
for 24 h at different temperatures. EMC after treatment in humid air was reduced 
approximately 2 |%| after treatment at 105°C, but EMC was not reduced further 
after treatment at higher temperatures. Samples treated in saturated steam showed 
no reduction in EMC after treatment at 105°C, but showed a gradual reduction 
of EMC as treatment temperature was increased. Both species treated showed 
similar patterns. 
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Figure 4:6. Reduction in EMC after 24 h treatment at different temperatures of 
50mm cubes of Douglas fir and Norway spruce. From Paper VI. 

Treatment of wood in high temperatures can lead to physical degrade as well as 
chemical changes. Checking may occur on microscopic level (Gao et al., 2014) as 
well as macroscopic level. Several samples that first were boiled and then 
immediately treated in humid air showed radial checking and deformations as if 
there was collapse in the interior parts. Figure 4:7 shows radial checking in the 
earlywood of Douglas samples boiled for 12 h followed by drying 12 h at 125°C. 

       

Figure 4:7. Radial checking in earlywood of Douglas clear wood samples first 
boiled 12 h and then dried 12 h in air at 125°C. From Landel (2004). 
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5. Studies on thermal modification
The studies on thermal modification had the following purposes: 

1) To determine the variations in kiln climate and resulting wood temperatures  
    during industrial thermal modification. 
2)  To determine how the size of material treated influences the process and  
     selected wood properties. 
3) To determine if laboratory treatment and industrial treatment lead to different  
    results. 

The tests on thermal modification were made in superheated steam at atmospheric 
pressure according to the Thermowood© process in six industrial kilns in Finland, 
Latvia, and Sweden as well as in pressurized steam in an industrial WTT kiln in 
Sweden.  

Laboratory treatments according to the Thermowood process were conducted in a 
laboratory autoclave combined with a medical X-ray Computed Tomography 
scanner (CT-scanner) capable of measuring the internal density distribution of the 
wood during the process, and in air in a conventional drying cabinet. Figure 5:1 
shows the cylindrical laboratory autoclave during CT-scanning. 

 

Figure 5:1. The laboratory autoclave during CT-scanning. The climate control unit 
is seen behind the CT-scanner.   
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5.1. Temperatures in kiln and wood

Measurements of kiln temperature and resulting wood temperature during 
treatment were made in five industrial kilns and in the laboratory autoclave. The 
layouts of the different industrial kilns are shown in Figure 5:2 below.  

 

Figure 5:2. Principal layouts of industrial kilns in which climates were measured. 

With the exception of two tests conducted with short treatment times, the 
laboratory schedules were designed with set-point values for dry bulb and wet bulb 
temperatures copying industrial schedules with corresponding treatment times. 
Figure 5:3 shows five of the treatment schedules used.  

 

Figure 5:3. Examples of trend curves from five treatments in the study. All 
laboratory schedules from 51 h to 129 h were designed to simulate industrial 
climates. From Paper VIII. 
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The results show that all kilns studied maintained the climate well within the 
requirements for Thermowood production. The measured variations in 
temperature between different parts of the kilns were surprisingly small. Figure 5:4 
shows the variation in temperature on the pressure side of the stack during the 
HT-drying phase under treatment of 50x150mm Scots pine in Kiln 2 with 19m 
stack width (see Figure 5:2). The average difference between the coldest position 
and hottest position during drying was 0.9°C, with maximum observed difference 
in a 3 min interval 1.3°C. Corresponding temperature differences between top and 
bottom of the stack were negligible. 

 
                a)             b)  
Figure 5:4. Variations in dry temperature on the pressure side of Kiln 2 during HT-
drying of 50x150mm Scots pine, shown as floating 1 h averages. a) horizontal.  
b) vertical. 

Figure 5:5 shows the temperatures in the core of 50x100mm Scots pine, measured 
in Kiln 1 at different positions of the blow depth (see Figure 5:2). The difference 
in wood temperature between the wood at the edges of the drying batch and wood 
positioned 1.8m into the batch is gradually reduced during the later stages of the 
HT-drying phase. 
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Figure 5:5. Temperatures in the centre of 54x100mm Scots pine during HT-drying 
in Kiln 1. 

Size effects on temperature distribution 

As in the studies on HT-drying, small samples will quickly adapt to surrounding 
temperature, while longer pieces both will react slower and show gradients within 
the material. Figure 5:6 shows internal temperature of 10mm long samples and  
1.6m long samples of 50x100mm scots pine during initial heating and heating 
between the HT-drying phase and the plateau temperature.  

  
Figure 5:6. Steam temperature and internal wood temperature during heating of 
50x100mm Scots pine. Sample length 10mm and 1.6m.  

The temperature gradient is reversed as the wood reaches the plateau temperature 
and the internal temperature rises above the temperature of the surrounding 
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steam, as shown in Figure 5:7. This effect, caused by exothermal reactions in the 
wood, has been shown in several earlier studies such as (Johansson and Morén, 
2006; Rémond et al., 2010; Turner et al., 2010; Trcala and Cernak, 2015). 

 

Figure 5:7. Temperature of steam and 50x150mm Scots pine during the plateau 
phase showing effect of exothermal reactions. From Paper VII. 

5.2. Resulting wood properties

Influences of different sample size during treatment and kiln size on resulting 
wood properties were studied by means of comparison of paired samples. Dried 
planks randomly sampled from kiln dried material were cut into sets of different 
length paired samples. Figure 5:8a shows the cutting patterns for test samples prior 
to treatment. Figures 5:8b and 5:8c show the cutting patterns for samples after 
treatment. 

 
Figure 5:8. Cutting of samples prior and after heat treatment. a): Preparation of 
paired samples prior to treatment. b) and c): Cutting of samples from treated 
material. 
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Density changes measured by CT-scanner 

Density profiles were measured with the CT-scanner before, during, and after 
treatment in the laboratory autoclave. Changes in dry density were estimated by 
assuming that the MC of the wood is close to zero after the HT-drying phase.  
Figure 5:9 shows the density profiles as measured by the CT-scanner together with 
images of the cross sections measured. The density profile after treatment appears 
to be flat, which could indicate that the reduction in dry density as measured in 
kg/m3 during treatment is constant over the cross section.  

    

             a)            b) 
Figure 5:9. Density difference over the planks cross section with respect to the 
density after the HT-drying phase. a) before treatment. b) after treatment. 
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Figure 5:10. Density profiles across the plank thickness in correlation to the density 
after HT-drying.  

Considering that the dry density of the wood generally is considerably higher at 
the sapwood surface than close to the pith, the results would indicate that density 
changes not are proportional to the initial density of the material.  

It should be noted that reduction in density not necessarily is proportional to mass 
loss. Thermal treatment influences both dry mass of the material and shrinkage 
and swelling, which means that a measured change in density can be caused by 
several parallel processes.   

Influence of sample size during treatment 

The size of the samples treated has a strong impact on how thermal treatment 
influences the wood material. When small samples are treated they show less 
reduction in EMC as compared to larger samples treated in the same batch, but at 
the same time greater mass loss than larger samples. Figure 5:11 shows the resulting 
EMC after treatment of samples cut from 50x100mm and 50x150mm Scots pine 
treated at lengths from 10mm to 3.8m. Figure 5:12 shows mass loss during 
treatment for the same samples.   
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Figure 5:11. Influence of sample length during treatment on resulting EMC. From 
Paper VIII. 

 

Figure 5:12. Influence of sample length during treatment on resulting mass loss. 
From Paper VIII. 

Gradient of EMC reduction and mass loss 

Samples cut immediately at the ends of the planks showed less reduction in EMC 
but higher mass loss than samples cut from the interior of the planks, as shown in 
Figure 5:13 and Figure 5:14.   
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Figure 5:13. Influence of distance from plank end on EMC during industrial 
treatment of 50x100mm and 50x150mm planks. Average +/- 1 standard deviation. 
From Paper VII. 

 

Figure 5:14. Influence of distance from plank end on mass loss during industrial 
treatment of 50x150mm planks. Average +/- 1 standard deviation. From  
Paper VIII. 

EMC after treatment was lower in samples cut from the core of planks treated as 
compared to samples cut close to the surfaces. The greater reduction in EMC in 
the core was seen in all dimensions treated. Figure 5:15 show average EMC of 
samples cut after treatment of 32x150mm, 50x100mm, and 50x150mm Scots 
pine. 
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Figure 5:15. Average EMC of samples cut at different distance from the wood 
surface of 32x150mm, 50x100mm, and 50x150mm planks after industrial 
treatment. From Paper VII. 

One set of samples was industrially treated in pressurized steam in a WTT kiln, 
and one set of 50x150mm samples for measurement of EMC-gradient was cut near 
the end of the planks. Figure 5:16 shows EMC after treatment of paired 
50x150mm Scots pine planks. 

 

Figure 5:16. EMC gradient after treatment of 50x150mm Scots pine in 
superheated steam and pressurized steam. From Paper VII. 
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The EMC-graphs in Figure 5:16 clearly indicate that drying has a negative influence 
on the EMC reduction. The samples cut close to the end of the planks show a 
considerably lower gradient than samples cut farther in, and the samples treated 
in pressurized steam show no gradient at all. Drying of the material could thus be 
the explanation for the observed lower EMC reduction of small samples, samples 
cut close to ends, and samples cut close to the surface of the wood. 

It should be clearly noted that the lower level of EMC reduction shown after 
treatment in pressurized steam as compared to treatment in superheated steam 
cannot be seen as an indication that pressurized steam as such has lower influence 
on wood properties than superheated steam. Treatment in pressurized steam is 
generally done at lower temperatures than treatment in superheated steam. The 
schedule used in the pressurised steam treatment is not known, and the level of 
EMC reduction is dependent on whether the wood is treated for improved stability 
or durability.  

Mass loss and EMC reduction after industrial and laboratory treatment 

Laboratory treatment gave both higher mass loss and greater reduction in EMC as 
compared to industrial treatment, even if the laboratory treatment schedules were 
copying industrial schedules. 

Mass loss does not show a correlation to the total process time, neither in industrial 
treatment nor laboratory treatment simulating industrial schedules. Lower mass 
loss was only seen after a rapid laboratory treatment not comparable to industrial 
processes.  Figure 5:17 compiles mass loss after treatment in laboratory and 
together with industrial production for the tests made in the thesis study.  
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Figure 5:17. Mass loss of 10mm long samples treated in laboratory and together 
with industrial production for different total process times with 2-3 h at the plateau 
temperature of 212°C. Average mass loss +/- 1 standard deviation of 25 paired 
samples. Squares: 50x100mm. Circles: 50x150mm. Open markers: laboratory 
treatment. Closed markers: industrial treatment. From Paper VIII. 

Mass loss after treatment together with industrial production is not correlated to 
reduction in EMC, as shown in Figure 5:18. Samples treated together with 
industrial production show a mass loss of 9-10% disregarding of EMC reduction 
determined after treatment. Samples treated in superheated steam in laboratory 
show a possible correlation, but the correlation is heavily dependent on the 16 h 
fast laboratory treatment not designed to simulate industrial treatments.   

Two sets of samples were treated in air in a drying cabinet. One set was treated 
according to a schedule copying the 16 h schedule used in superheated steam. The 
samples treated 16 h in air showed slightly lower values for both mass loss and 
EMC reduction as compared to samples treated in steam. One set was treated 
according to a schedule copying the 51 h industrial and laboratory schedules. The 
samples treated 51 h in air showed clear signs of pyrolysis, with blue smoke coming 
out of the drying cabinet, internal wood temperature increasing 5°C above the 
temperature of the surrounding air, and clearly higher mass loss than samples 
treated in steam. 



45 
 

Figure 5:18. Mass loss related to EMC reduction for samples treated at 10mm 
length. Test batches reported in Table 1 for industrial and laboratory conditions. 
From Paper VIII. 

Impact bending strength 

Impact bending strength was reduced approximately 40% during the thermal 
treatment. The average reduction was lower in the core of the samples as compared 
to average reduction close to the surfaces, see Figure 5:19.  

 

Figure 5:19. Reduction in impact bending strength at different positions in the 
cross section during industrial thermal modification. Average +/- 1 standard 
deviation. From Paper VIII. 
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Samples cut close to the pith surface of the planks show lower average reduction 
in impact bending strength as compared to samples cut at the same distance from 
the pith in the core of the planks as well as at the sapwood surface, see Figure 5:20. 

 

Figure 5:20. Comparison of strength reduction in samples cut at the same distance 
from the pith. 

The difference in impact bending strength is statistically significant only between 
samples C and C2. The result can indicate that the reduction in impact bending 
strength is influenced by a drying effect as in the case of the reduction of EMC. 
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6. Discussion
6.1. Kiln climates during vacuum and HT-drying

The studies on vacuum drying showed that the climate control systems in all kilns 
were insufficient. None of the kilns could dry wood to a final moisture content 
variation as low as required by the EDG-standard. It would be possible to improve 
the climate control systems by relatively simple measures, in line with established 
systems used in conventional drying kilns at that time.  

The difficulties to maintain a proper climate throughout the drying batches in the 
vacuum kilns were accentuated by the low density of the vapour and low capacity 
to carry heat. The high vapour velocities needed led to large variations in 
temperature between different parts of the kiln load. 

The calculations of acceptable variations in pressure and temperature to fulfil the 
EDG requirements on MC variation show that the requirements on climate 
control are stricter the higher the target MC. In order to reach the EDG class E 
(Exclusive) at a target MC of 15%, pressure should be kept within +/- 1 kPa and 
temperature within +/- 1°C. This has the effect that it is only possible to reach a 
low MC variation at low target MC-levels. If the target MC is 12% or higher, a high 
MC variation must be accepted.  

The large variations in temperature in the vacuum kilns can be compared to the 
small or negligible temperature variations measured in the Thermowood kilns 
during the HT-drying phase. Thermowood kiln 2 has a stack width comparable to 
the vacuum kilns studied, but while the Thermowood kiln shows a maximum 
temperature difference of 1.3°C between different areas over the pressure side, the 
three vacuum kilns show systematic differences over the pressure side ranging from 
4°C up to above 10°C.   

The lower variation in temperature in the Thermowood kilns can probably be 
attributed to the higher density of the atmosphere, and to the higher power 
supplied. The influence of differences in drying characteristics between different 
parts of the kiln load, and differences in heat losses between the ends and centre 
parts of the kilns, is not detected as there is surplus energy available.   
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6.2. Influence of sample size during treatment

The studies have shown a very strong influence of sample size during treatment on 
the resulting material properties. The influence of size as such does not come as 
any surprise. It is quite obvious that there must be a size effect, and if not known 
earlier it was commented by Tiemann at least by 1915 (Tiemann, 1915). What was 
not expected was the large magnitude of that influence, or that size would 
influence different material properties in different ways: 

> EMC is reduced less in small samples than in dimensional timber, and 
> EMC is reduced less close to the surfaces of the wood than in the interior. 

> Mass loss is higher in small samples than in dimensional timber, and 
> mass loss is higher at the ends of planks than in the interior. 

> Average reduction in impact bending strength was higher close to the surfaces  
   of the wood than in the interior, although hardly statistically significant. 

Figure 6:1 shows the influence of sample length during treatment on mass loss and 
EMC of the wood treated. Mass loss show a sharp increase in the samples cut close 
to the ends, as opposed to EMC reduction that show a corresponding drop in the 
same samples.  

 

Figure 6:1. Influence of sample length during treatment on average reduction of 
EMC and mass loss. 
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Reduction of EMC 

The lower reduction in EMC in smaller samples than larger samples, and the lower 
reduction of EMC close to the surfaces of planks treated could indicate that the 
reduction of EMC is negatively influenced by drying of the material. Drying could 
then be either of moisture or volatile degrade products acting as catalysts for 
chemical reactions such as acetic acid and formic acid.  

If the reduction of EMC is initiated by hydrolysis as suggested by for instance 
Kollmann and Schneider (1963), then removal of the water will slow the process. 
Catalyst reaction products like formic acid or acetic acid (Fengel and Wegener, 
2003) will be also reduced as the acids have boiling points close to water (Formic 
acid 101°C, Acetic acid 118°C) and co-evaporate together with water.       

The wood close to the ends of the planks will both dry faster than the material 
from the interior and have a more uniform MC over the cross section due to end 
effects. More uniform MC over the cross section could then explain the lower 
gradient in EMC shown close to the plank ends.  

Drying as a possible explanation of size effect is further supported by the non-
existent EMC-gradient shown by the wood treated in pressurized steam (see Figure 
5:16).  Treatment in pressurized steam will reduce evaporation of moisture and 
volatile substances from the wood.  

However, there could be alternative explanations for the influence of size on EMC. 
In the pressurized treatment, substances removed from the wood can be expected 
to largely remain in the autoclave, and thus possibly participate in further 
reactions. Acids and moisture removed from the interior of the wood may then 
continue to affect the wood from the outside, reducing any gradient.  

Greater reduction of EMC in the core of wood treated than close to the surface is 
also reported by Obataya et al. (2006). However, the study on influence of HT-
drying on large cross sections of Japanese cedar showed also higher mass loss in the 
core of the wood.  

A principally different explanation could be that the dry weight measurements do 
not reflect the moisture conditions of the actual wood fibres since dry weight 
measurements by definition will include all substances present in the volume of 
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wood that do not evaporate during treatment at 103°C. The dry weight 
measurements may then be influenced by substances within the wood structure 
that actually are not part of the cell walls. During HT-drying, the evaporation zone 
can be stationary a few mm below the wood surface during the initial drying phase 
(Pang et al., 1994), similar to the evaporation zone in conventional drying. Water 
soluble substances like sugars can be carried to the evaporation zone where the 
water evaporates, with a concentration of substances a few mm below the surfaces 
as it has been demonstrated in conventional drying (Terziev and Boutelje, 1998). 
Depending on the hygroscopic properties of the substances, the apparent EMC of 
the wood measured by dry weight may either increase or decrease.  

Influence of water soluble degrade substances on EMC measurements was shown 
in the study above by (Obataya et al., 2006). However, the extraction of water 
soluble substances gave an increase in the measured gradients. 

Another different explanation of the lower reduction of EMC measured in small 
samples and in the surface material is that the conditioning phase could initiate a 
reversing effect as described in the literature (Obataya et al., 2000; Obataya and 
Tomita, 2002). The steam conditioning would then primarily affect the surface 
material, and also have a greater influence on small samples as compared to larger. 
The results from Obataya indicate that it is mainly effects caused at relatively low 
temperatures that can be reversed. A reversing effect would then possibly affect 
changes in EMC initiated during the HT-drying phase, but not changes inflicted 
during the actual thermal modification.  

However, the results from the laboratory treatments in air may speak against the 
reversing theory, since these treatments show almost the same EMC-reductions as 
the laboratory treatments in superheated steam where a conditioning phase was 
included, but no conditioning was made after treatment in air.  

Impact bending strength 

The position in the wood cross section have different influence on impact bending 
strength and EMC after treatment. Figure 6:2 shows reduction in impact strength 
and Figure 6:3 reduction in EMC of the samples determined after testing. 
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Figure 6:2. Influence of position in cross section on reduction of impact bending 
strength during treatment. Average +/- 1 standard deviation. From Paper VIII. 

 

Figure 6:3. Reduction of EMC of the tested samples shown in Figure 6:2. Average 
+/- 1 standard deviation. From Paper VIII. 

An even more surprising result is that reduction in impact bending strength does 
not seem to be correlated to mass loss. Figure 6:4 shows average reduction in 
impact bending strength for the three samples cut from each plank in correlation 
to the mass loss determined for each plank.  
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Figure 6:4. Average reduction in impact bending strength and mass loss after 
industrial treatment for the three samples cut from each plank. From Paper VIII. 

Numerous studies have shown a correlation between mass loss and strength loss. 
In this study there might be a weak negative correlation, but it is most likely caused 
by the low number of planks tested.  

6.3. Laboratory treatment and industrial treatment

The treatment schedules in the laboratory autoclave were designed to copy the 
climate in the industrial kilns. The laboratory treatments were expected to lead to 
relatively similar results as the industrial treatments. Instead the laboratory 
treatments show results that seem to be principally different to the industrial 
treatments. This is a quite unexpected result. 

Laboratory treatment led to higher mass loss than treatment together with 
industrial production, even though the laboratory schedules were designed to copy 
the actual trend curves of the industrial kiln climates. Treatment in laboratory led 
to approximately 30% higher mass loss than industrial treatment, disregarding of 
total treatment time, as is shown in Figure 5:17.  

At the same time laboratory treatments led to higher reduction in EMC than 
industrial treatments. EMC reduction was also not correlated to treatment time, 
and at the same level for samples treated in air and in superheated steam, as shown 
in Figure 6:5.   
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Figure 6:5. Average EMC reduction of 10mm long samples treated in superheated 
steam in a laboratory autoclave and industrially, and in a drying cabinet in air. 

The laboratory treatments using total process times from 51 h to 120 h were all 
designed to copy industrial treatment schedules, including heating, drying, thermal 
modification, and conditioning. The only principal difference between the 
laboratory treatments and the industrial treatments is the reversing of the steam 
flow in the industrial kilns that is not done in the laboratory autoclave. However, 
it is not readily understandable how the reversing of the flow would lead to a lower 
reduction of EMC. 

6.4. Influence of treatment time not seen

Neither reduction of EMC nor mass loss of 10mm samples show any correlation 
to total treatment time in the industrial treatments, or in the laboratory treatments 
copying industrial climates. The only possible influence of process time seen is the 
lower mass loss values observed in the two 16 h laboratory treatments not designed 
to copy industrial treatment, as shown in Figure 5:15. 

At first the lack of correlation may seem contradictory to established knowledge. 
Numerous studies have shown a correlation between thermal treatment time and 
influence on different properties of wood (McLean, 1951; Lin, 1969; Rusche, 
1973; Bekhta and Niemz, 2003; Ates et al., 2009; Cao et al., 2012).  

However, all the studies above were made with relatively constant climates during 
treatment. The thermal treatments in this study followed schedules used in 
industrial Thermowood kilns, where the difference in total treatment time mainly 
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depend on the length of the HT-drying phase. The differences in treatment 
schedules are relatively minor during the temperature increase up to the plateau 
temperature, the actual plateau phase, cooling and conditioning. The result could 
then indicate that the reduction in EMC and mass loss are primarily dependent 
on processes occurring at the higher temperature levels.  

Another possible explanation is that the small samples treated quickly adapt to the 
surrounding climate, and that the changes in EMC and mass loss are caused by 
different processes. EMC reduction could then be assisted by hydrolysis of hemi 
celluloses early during the treatment when moisture still is available, while mass 
loss would be occurring during the actual thermal treatment phase. In both cases, 
the total treatment time would not influence. A possible support for the theory 
can be the laboratory tests on clear wood cubes reported in paper VI, where EMC-
after treatment in humid air show a decrease immediately after short treatments, 
but no further decease with  longer treatment times.   

6.5. Influence of treatment in air

The samples treated in air show similar reductions in EMC as the samples treated 
in superheated steam for the same process time, as can be seen in Figure 6:4.  

At the same time the samples treated in air according to a 51 h schedule showed 
18% higher mass loss than the laboratory samples treated in saturated steam, and 
86% higher mass loss than the corresponding samples treated industrially.  

The samples treated in air for 51 h showed clear signs of pyrolysis during the 
plateau phase. Internal wood temperature increased approximately 5°C above the 
surrounding air, and blue smoke came out of the drying cabinet. Pyrolysis can thus 
explain the higher mass loss.  

Similar reduction of EMC in spite of considerably higher mass loss of the samples 
treated 51 h in air indicate that the oxidation or pyrolysis is not linked to the EMC 
reduction. At the same time the samples treated 16 h in air show both similar 
reduction in EMC and similar mass loss as the samples treated in superheated 
steam. The oxygen available can thus influence the treatment in principally 
different ways depending on the time the samples are treated.  
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7. Conclusions
The main conclusions from the studies are: 

1) Changes in material properties during HT-drying and thermal modification are 
strongly influenced both by the size of the material treated and the size of the kiln. 

2) Reduction in EMC, mass loss, and reduction in impact bending strength during 
thermal modification are not correlated to each other.  

3) Results from thermal treatment of small clear wood samples in laboratory 
cannot be directly transferred to industrial processes. 

None of the industrial vacuum drying kilns studied could maintain the drying 
climate with enough accuracy to produce wood with a final MC variation within 
EDG requirements. 

Climate variations during HT-drying in industrial Thermowood kilns are small or 
negligible. All five of the industrial kilns studied show temperature variations 
within requirements for Thermowood production.  

8. Future work
The results from the study have raised a number of questions regarding the 
influence of samples size during treatment and the difference between laboratory 
treatment and industrial treatment.  

Further investigations are needed to explain the influence of sample size found in 
the study, and to provide methods to transfer results from small clear wood 
samples to dimensional timber.  

The different influence on material properties between laboratory treatment and 
industrial treatment need further investigation if results from laboratory test shall 
be possible to implement industrially.  
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Climate control in vacuum dryers for convective
heat transfer
Part 1: Demands on climate control

Björn A. Källander

Abstract The European Drying Group (EDG) proposal on a wood drying quality
standard defines demands on final moisture content variation of the dried wood.
The final moisture content variation will depend on material parameters as well as
the production process and the wood will always show a ‘‘natural’’ moisture
content variation after drying. Thus the drying process has to be defined well
enough to allow for the natural moisture content variation in order to fulfil the
demands of the drying standards. As the average equilibrium moisture content of
the wood in a vacuum drying kiln with pure steam atmosphere is determined by
the pressure and the temperature, the demands on the climate control system to
fulfil the demands of the drying standard can be calculated with regard to the
natural moisture content variation of the wood. In the first part of this
contribution the demands on climate control in vacuum dryers are calculated
based on the EDG-standard and the natural moisture content variation. In the
second part of the contribution the demands on climate control are compared
with climate and moisture content measurements from industrial production in
vacuum kilns. Critical factors in kiln design and climate control system design
necessary to maintain a controlled drying climate are listed.

Climate control to reach a defined final moisture content
A well controlled drying climate throughout the wood batch is crucial in order to
minimise drying defects at the same time as maintaining a high drying capacity.
Variations in drying climate within the kiln will lead to corresponding variations in
the resulting drying quality as well as an increased final Moisture Content (MC)
variation.

As the vulnerability to degrade during drying depends on several factors such as
wood species, dimension, moisture content and treatment prior to drying, the
demands on climate control in order to avoid drying defects can vary considerably
between kilns at different production facilities. However, the demands on climate
control in order to reach a well defined final MC will be less variable as this will be
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dependent on the connection between the climate and the Equilibrium Moisture
Content (EMC) for the wood species to be dried together with the natural MC
variation. A drying kiln that should deliver wood of a certain wood species with a
well defined MC must be able to maintain the climate within certain limits inde-
pendently of the characteristics of the production facility, as will be shown below.

The demands on climate control in a drying kiln can thus be defined by the
demands on final MC variation of a certain species.

Demands on final wood moisture content variation
The European Drying Group (EDG) recommendation of 1994 defines three
quality classes; Standard (S), Quality (Q) and Exclusive (E). Table 1 shows the
allowable MC variation in the three proposed quality classes [Welling 1996].

Regarding the wood batch as an unlimited number of wood pieces, the MC
limits above can be used to calculate the corresponding maximum allowed
standard deviation of the MC. With the average MC exactly on the target MC, 90%
of the wood pieces will be within +/) 1.64 MC standard deviation. The maximum
allowed standard deviation will accordingly in the E class be s ¼ 1.0/1.64 ¼ 0.6%
at 10% target MC and s ¼ 1.8/1.64 ¼ 1.1% at 18% target MC.

Natural moisture content variation of wood
Wood will always show a MC variation even after prolonged storage in a fixed
climate. This ‘‘natural’’ MC variation varies with species and is dependent on
several material parameters such as chemical composition, structure and density
[Chafe 1991]. The natural MC variation increases with the average MC level. See
Table 2.

Although each of the values in Table 2 represents a fairly limited number of
wood pieces measured at a single or a few separate occasions, the values above
indicate the approximate level of the natural moisture variation of the wood
species.

The values of Scots Pine are chosen to calculate the natural MC variation at
different MC levels in the following sections of the article, expressed as the
standard deviation:

snatural ¼ 0:033?MCaverage ð1Þ

Possible drying climates and corresponding EMC
The theoretically possible drying climates of a vacuum kiln are defined by the
saturation curve as the steam pressure can never increase above the saturation
pressure. In addition to this there are technical and practical limits presented by

Table 1. Allowable MC variation according to the 1994 EDG-proposal. MC1/3 refers to MC
measured by means of resistance at 1/3 of the wood thickness. [Welling 1996]

Drying 90% of all MC1/3

readings must be
Allowable range of MC1/3 if MCtarget is:

within the limits 10% 14% 18%

S (standard) MCtarg +/) MCtarg · 0.3 7.0–13.0 9.8–18.2 12.6–23.4
Q (quality) MCtarg +/) MCtarg · 0.2 8.0–12.0 11.2–16.8 14.4–21.6
E (exclusive) MCtarg +/) MCtarg · 0.1 9.0–11.0 12.6–15.4 16.2–19.8
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the vacuum kiln design and the drying process. The fan motors usually limit
the maximum temperature to 80�C. The low density and resulting low heat
capacity of the steam at low pressures makes it impractical to dry wood at
extremely low pressures. Although pressures below 5 kPa are used during the
prevacuum phase, few kilns are operated at absolute pressures below 10 kPa
during the drying phase. This sets the limits for the drying climates that normally
can be used, as shown in Fig. 1.

The relative humidity or relative vapour pressure is defined by the ratio be-
tween the partial steam pressure and the saturation pressure of the steam. In a
vacuum dryer with a pure steam atmosphere, the partial steam pressure is equal
to the absolute pressure. Thus the relative vapour pressure of the steam is
determined by the absolute pressure and the temperature.

As the saturation pressure increases with temperature, the relative pressure will
decrease if the temperature is raised at a fixed pressure. Figure 2 shows relative
pressures within the pressure and temperature ranges that normally are used in a
vacuum drying kiln.

Table 2. Natural MC variation of four wood species

Wood species Standard deviation at approximate MC-level Source

4% 6% 10% 12% 18%

Norwegian Spruce
(Picea Abies)

– 0.1 – 0.2 0.3 [Esping 1992]

Scots Pine
(Pinus Silvestris)

– 0.2 – 0.4 0.6 [Esping 1992]

Oak (Quercus
Robur)

– 0.3 – – – [Jönsson 1998]

Tasm. Mountain
Ash (Eucalyptus
Regnans)

0.3 – 0.4 – 0.6 [Calculated from
Chafe 1991]

Fig. 1. Theoretically possible and normally used drying climates in a vacuum kiln
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Effect of temperature changes on EMC
The EMC of wood depends mainly on the relative humidity and the temperature.
In a vacuum kiln, an increase of the temperature at a fixed pressure will lead to a
decrease of the EMC in two ways:

1) a decrease of the EMC due to the reduced relative vapour pressure as shown
above as well as

2) a decrease of the EMC due to the increased temperature at that specific relative
pressure.

Due to this combined effect even a small change in temperature will lead to
significant changes in EMC in the temperature and pressure ranges present in
vacuum kilns.

EMC values of Sitka Spruce at different temperatures and relative humidities
from [Esping 1992] are used in the following to calculate EMC- values at various
climates. The relative vapour pressure at various pressures and temperatures have
been calculated from Steam Tables [Grigull et al 1990]. A curve fit of the EMC
values to the temperature at each different pressure have been made by means of
Mathlab in the form of:

EMC ¼ a� b � e c
d�Temperature

� �
ð2Þ

The components a, b, c and d above are purely based on the curve fit and do
not represent any specific physical properties. The calculated EMC values at
various pressures and temperatures are shown in Fig. 3.

The figure above clearly illustrates that the temperature control of the drying
climate is crucial in order to maintain a controlled EMC. This will be the case
especially at higher target MC levels and higher pressure levels where even a very
small change in temperature will lead to great changes in EMC. The effect of

Fig. 2. Relative steam pressure at various temperatures and absolute pressures in pure
steam. Drying climates normally not available dotted. Calculated from Steam Ta-
bles [Grigull et al. 1990]
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temperature variations is significant also at lower MC levels, at a fixed pressure of
20 kPa and a temperature increase from 64�C to 66�C the EMC would drop 3%.

Without a strict temperature control, the kiln will only be able to reach a low
MC variation at very low average MC of the wood.

Effect of pressure changes on EMC
The effect of pressure changes on the EMC are calculated in a similar method as
the temperature. Figure 4 shows the resulting EMC at different pressures at fixed
temperatures.

The effect of pressure changes on EMC are great at low temperatures and high
target MC levels, but reduced at temperatures normally used in vacuum kilns.

Demands on absolute climate control
This paper is based on the assumption that the wood drying process can be
controlled by the EMC of the climate surrounding the wood. The actual MC of the
wood surface will then be dependent on the short term average of the climate.

To reach a specific EMC, the temperature and the relative humidity of the
atmosphere surrounding the wood have to be controlled. The climate control
must thus incorporate the steam pressure and the steam temperature.

An absolute minimum in demands on the climate control in a kiln is to
maintain the EMC within the MC limits of the desired moisture class. The climate
must in reality be controlled better than this in order to actually reach the desired
final MC variation, due to the natural MC variation of the wood.

The total MC standard deviation is obtained by adding the standard deviation
due to the natural MC variation and the standard deviation due to variations in
the drying climate quadratically, as they can be expected to be independent from
each other. With an allowed total standard deviation in the E-class of 1.8%/
1.64 ¼ 1.1% at 18% target MC and a standard deviation for pinewood of 0.6% due
to the natural MC variation according to [1], the allowed variation in EMC of the
climate can be expressed as:

Fig. 3. The influence of temperature variations on EMC of Sitka Spruce in pure steam
calculated at fixed absolute pressures. EMC values outside of normal drying climates dotted
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sEMC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2total � s2natural

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:12 � 0:62

p
¼ 0:92% ð3Þ

Thus, in order to dry Pinewood according to the E-class to 18% target MC, a
drying kiln must be able to maintain the EMC within 18% +/)1.64*0.92%, or
explicit within 16.49%–19,51%.

Demands on temperature control
The acceptable temperature variationswithin the kiln are calculated bymeans of the
formulas from the curve fit. At 10 kPa absolute pressure, the EMC range 16.49%–
19.51% would allow for a total temperature variation throughout the entire kiln
between 47.7�C and 49.2�C or +/)0.75�C from the set temperature, see Fig. 3.

The acceptable temperature variations at different target MC levels are then
calculated in similar fashion for S, Q and E drying class at 10 kPa and 30 kPa
absolute pressure. Figure 5 shows the calculated temperature ranges in order to
fulfil the demands in the S, Q and E drying classes.

Although the values obtained above not should be interpreted as absolute
values, Figure 5 clearly illustrates the narrow temperature ranges that the vacuum
kiln needs to operate within in order to achieve wood with a controlled MC.
Table 3 shows the maximum acceptable temperature deviation from the set
temperature in order to fulfil the demands of EDG drying classes S, Q and E at
fixed pressures obtained P ¼ 10 kPa and P ¼ 30 kPa.

As the demands on temperature control increase with higher target MC lev-
els, the demands on temperature control will be defined by the acceptable tem-
perature deviation at the maximum MC level at which a specific MC class will be
used.

As the higher drying classes mainly are intended to be used at lower MC
levels, the demands for the E- class will hardly be applied at for instance 18%
target MC. In order to adapt to this, the demands on the temperature control are

Fig. 4. The influence of pressure variations on EMC of Sitka Spruce in pure steam at fixed
temperatures. EMC values outside of normal drying climates dotted [calculated from
Esping 1992]
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calculated at 12% for Exclusive Class (E), 16% for Quality Class (Q) and 18% for
Standard Class (S). Table 4 shows the maximum acceptable deviation from set
temperature for each drying class at fixed pressures.

Demands on pressure control
Since the pressure is easier to control with high precision than the temperature,
every effort should be made to control the pressure with the maximum accuracy
in order to allow for greater temperature variations. A well designed pressure
control system should be capable of maintaining the pressure on the pressure side
of the stack within +/)0.2 kPa of the set pressure at low pressures and +/)1% of
the set pressure at higher pressures.

Acceptable pressure ranges at fixed temperatures in order to fulfil the EDG
standard are calculated in a similar fashion as the temperature ranges. Figure 6
shows pressure limits at 60�C and 80�C for the S, Q and E classes.

Fig. 5. Acceptable temperature ranges to reach EDG drying classes S, Q and E calculated at
10 kPa and 30 kPa absolute pressure. To reach the S class the temperature should be
maintained within the dotted lines, Q class within the dashed lines and E within the solid
lines

Table 3. Maximum acceptable deviation from set temperature to reach EDG classes S, Q
and E at different target MC levels and fixed pressures 10 kPa and 30 kPa

Drying class/
pressure (kPa)

Maximum deviation from set temperature at target MC level (�C)

6% 10% 14% 18%

S/10 7.6 4.3 3.4 2.9
S/30 7.2 3.6 2.9 2.5
Q/10 4.5 2.7 2.1 1.8
Q/30 4.1 2.2 1.8 1.6
E/10 1.9 1.1 0.9 0.8
E/30 1.7 1.0 0.8 0.7
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As the effect of pressure changes on the EMC is reduced at higher temperatures
as well as low target MC, the demands on the pressure control can be defined by
the lowest temperature used and 18% target MC. At 60�C temperature and 18%
target MC the acceptable pressure variations for the E class would be +/–0.475
kPa. However, as the higher drying classes Q and E only are applicable to low
target MC, the acceptable pressure variations are in reality greatly extended.
Table 5 shows acceptable pressure variations to reach S, Q and E class at fixed
temperatures.

With a pressure control system capable of maintaining the pressure within
+/)1% of the set pressure, the effect of pressure variations on the EMC level can
be neglected in comparison to the effect of temperature variations.

Discussion
This contribution is based on a combination of EMC values originally published
in 1931, measurements of MC variation of various species and the demands on
final MC variation suggested by the EDG drying group.

The basis for the EMC curves in Fig. 3 can be traced to original measurements
made by W.K. Loughborough, published by Hawley in 1931 [Esping 1997]. There

Table 4. Maximum acceptable deviation from set temperature for EDG classes S, Q and E
at expected target MC ranges and fixed pressures 10 kPa and 30 kPa

Drying class Target MC
(%)

Maximum acceptable deviance from set temperature (�C)

P = 10 kPa P = 30 kPa

S (Standard) <18 2.9 2.5
Q (Quality) <16 1.9 1.7
E (Exclusive) <12 1.0 0.8

Fig. 6. Pressure limits in order to reach EDG drying classes S, Q and E at fixed temperatures
60�C and 80�C. The pressure should be kept within the limits of the solid lines in order to
reach E class, within the dashed lines to reach Q class and dotted lines to reach S class
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are uncertainties about the number of measurements and the accuracy of the
measurements as the original material no longer can be traced [Ressel 1999]. The
EMC values are also measured on Sitka Spruce and it can be expected that other
wood species will show different EMC- values. This will have the effect that the
EMC- curves hardly are suitable for determining the specific EMC in a certain
climate.

However, the general shape of the EMC curves of various wood species can be
expected to be close to the published EMC- curves, and the effect of changes in
the surrounding climate of the wood can be calculated. Thus the EMC- curves can
be used to determine the accuracy in climate control needed to maintain the EMC
variation within certain limits.

The natural MC variation of wood after prolonged storage in a certain climate
sets the practical limit for the MC variation which is possible to reach. Although
the calculations in this contribution are based on a fairly limited number of
measurements, the data suggests a natural MC variation with a standard deviation
of approximately 0.6% at the 18% MC level.

The natural MC variation above is approximately half the acceptable MC
variation of the Exclusive Class but only one fourth of the acceptable variation in
the Quality Class. This indicate that the natural MC variation for the wood species
in Table 2 only will have a significant effect on the demands on climate control in
the Exclusive Class.

The demands on climate control in this contribution are based on the demands
on final MC variation in the EDG proposal. This has been chosen as the EDG
proposal is the basis for an European CEN- standardisation procedure concerning
drying quality of wood. Although the demands on final MC variation differs in
other drying standards, the three different quality levels of the EDG proposal
cover the range from very high to fairly low quality demands. The EDG proposal
can be considered as an acceptable basis for calculations of the demands on
climate control.

Conclusions
The demands on EMC control in vacuum dryers calculated from the allowed MC
variation in the EDG standard and the natural MC variation of wood defines the
demands on pressure and temperature control.

The crucial factor in order to reach a controlled drying climate is to maintain
the set temperature throughout the entire kiln.

The pressure needs to be controlled within +/)1% of the set pressure and the
temperature within +/)0.8�C of the set temperature throughout the entire kiln in
order to reach the EDG E- class at 12% target MC.

Table 5. Maximum acceptable deviation from set pressure for EDG drying class S, Q and E
at fixed temperatures 60�C and 80�C

Drying class Target MC
(%)

Maximum acceptable deviation from set pressure (kPa)

60�C 80�C

S (Standard) <18 2.0 out of range
Q (Quality) <16 1.6 3.0
E (Exclusive) <12 0.8 1.5
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The need to control the climate within the limits above leads to the need for a
strictly controlled climate throughout the entire drying kiln load in order to
ensure an adequate drying quality and a high drying capacity.
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Climate control in vacuum dryers for
convective heat transfer
Part 2: Actual climates in industrial kilns and suggestions to

improve kiln design

Björn A. Källander

Abstract The first part of this contribution determined the demands on climate
control in vacuum drying kilns that are necessary to achieve the final moisture
content variation stipulated in the European Drying Group (EDG) proposal on
wood drying quality standards. In this second part of the contribution, these
demands are compared with measurements of actual climates and the resulting
final moisture content in vacuum kilns during industrial production. The mea-
surements show that none of the studied industrial vacuum kilns are capable of
controlling climate with acceptable accuracy. The variations in drying climate
lead to large variations in final moisture content and reduced production
capacities. Drying quality and drying capacity would be greatly increased with
improved kiln design and improved climate control systems. Critical factors in
kiln design and climate control system design necessary to maintain a controlled
drying climate are listed.

Demands on temperature and pressure control
In the previous part of this contribution (Källander 2002) it was shown that the
crucial factor in climate control is maintaining the set temperature. With a
pressure control system capable of maintaining the pressure within ±0.1% of the
set pressure, the temperature has to be maintained within ±0.8�C of the set
temperature throughout the kiln to achieve the top drying class known as
‘‘Exclusive’’. The demands on temperature control to reach different drying
classes are shown in Table 1.
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Measurements of actual climates in vacuum kilns
Studies of the drying climate in industrial vacuum kilns have shown systematic
variations in the kiln drying climate that greatly exceed the acceptable levels
calculated above (Hedlund 1996). The systematic variations in drying climate can
be divided into three main categories:

1. Systematic variations of temperature between different parts of the kiln
2. Irregular steam flow patterns resulting in some volumes in the wood batch with

high steam flow and some volumes with very low steam flow
3. Incapability of the climate control system to maintain the desired set tem-

perature at the control points.

The problems are clearly illustrated by measurements in industrial vacuum
kilns, as shown below.

Systematic temperature variations
Until recently, vacuum kilns have been designed with a single climate control
zone along the entire length of the kiln. This feature makes it impossible to
counteract differences in heat losses along the kiln or variations in drying
characteristics of the wood. The temperature will be lower at the ends of the kiln,
where heat losses are greater compared to more central parts of the kiln, resulting
in higher final moisture content (MC). Measurements in a vacuum kiln drying
oak showed approximately 3�C lower temperatures at the kiln ends in the later
drying stages, resulting in an average final MC of 7.2% in these areas, while the
centre sections had an average final MC of 6.6% (Hedlund 1996).

The systematic temperature variations along the kiln can be greatly accentu-
ated if the kilns are loaded with wood with mixed drying characteristics, such as
varying thickness. Temperature differences along the kiln exceeding 29�C have
been recorded in a 24-m-long kiln loaded with beech of thickness between 19 mm
and 38 mm (Hedlund 1996).

As few vacuum kilns reverse steam flow, they will show a systematically higher
temperature on the pressure side in comparison to the suction side of the stack,
resulting in lower final MC on the pressure side. Measurements in a vacuum kiln
with fans above the stack and a 2.1 m stack width showed an average temperature
drop across the stack of 1.2�C with resulting average final MC of 6.7% on the
pressure side as compared to 6.9% on the suction side (Hedlund 1996).

Vacuum kilns commonly show lower temperatures in the lower parts of the
stack in comparison to higher parts, resulting in higher final MC in the bottom
part of the stack (Hedlund 1996). The reasons for this varies from an uncontrolled
cooling effect, probably caused by heat flux through the loading cart (Hedlund

Table 1. Demands on temperature control to reach EDG- Drying classes S, Q and E if the
pressure is maintained within ±1% of set pressure

EDG drying
class

Allowable MC
variation 90% of
all pieces within

Temperature should
be kept within

Standard (S) ±0.3 * MC target ±2.5�C of set temperature
Quality (Q) ±0.2 * MC target ±1.7�C of set temperature
Exclusive (E) ±0.1 * MC target ±0.8�C of set temperature
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1996), to kiln designs where the bottom of the kiln is deliberately cooled to
condense steam as in early Brunner- Hildebrand vacuum kilns.

Irregular steam flow patterns
The high investment cost of vacuum autoclaves has created a trend to maximise
the batch volume of kilns, with designs placing the fans either beside the wood
stack or at the ends of the kilns (Fig. 1).

Several studies have shown irregular steam flow patterns and resulting
uncontrolled drying quality in vacuum kilns with fans placed beside the stack
(Weber 1991; Trübswetter, personal communication, 1994; Longauer and Trebula
1995; Hedlund 1996) and in kilns with fans placed at the kiln end (Ledig and
Militzer 1999). The steam will flow by the easiest route from the pressure side of
the fans to the suction side, resulting in very high velocities close to the fans and
virtually no steam flow in areas far from the fans (Fig. 2).

Irregular steam flow patterns cause the wood to be dried in an uncontrolled
sequence. The wood in areas of low steam velocity or cold volumes of the stack is
not dried until the wood ‘‘upwind’’ has reached the EMC. This leads to longer
drying times than would normally be necessary to reach an acceptable MC var-
iation, if it is possible to reach the low MC variation at all. Uncontrolled steam
flow patterns can also be expected to increase drying defects caused by the
uncontrolled climate variations in the kiln. Kilns with fans placed above the wood
also show systematic, however less severe, variations in the temperature distri-
bution and the final MC distribution between the top and bottom of the stack.
Measurements in industrial vacuum kilns with fans above the wood stack have
indicated lower final MC than the kiln average in the lower half of the stack on the
pressure side and the upper half of the suction side.

Vacuum kilns with fans placed beside the wood stack as well as kilns with fans
above the wood stack regularly show large steam volumes passing around the
stack at the ends of the kiln instead of passing through the stack. The slower
drying rates caused by lower temperatures at the ends of the kiln can thus be
expected to be accentuated by lower steam velocities through the stack at the ends
of the kiln (Hedlund 1996). One method to reduce this effect is to install inner
doors or plates at the end of the wood stack, cutting off the ends of the kiln from
the steam flow. These plates function both as baffles, forcing the steam through
the stack, and as a barrier, creating an isolated chamber and reducing heat loss
through the kiln ends.

Temperature fluctuations
As the amount of heat energy stored in the water or oil in the heat coils is large
compared to the total mass of the steam, a crude temperature control system will

Fig. 1. Common fan configurations in vacuum kilns
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cause large uncontrolled variations of the steam temperature. Large variations in
drying temperature can be seen in vacuum kilns with on/off regulation of heat
valves, especially at the end of the drying process when the power demand is
limited (Behnke et al. 1995; Hedlund 1996). The oscillations of the drying climate
can be increased by variations in pressure due to on/off regulation of the vacuum
pump. Several vacuum kiln designs use climate control systems based on set
temperature and set RH- values rather than set temperatures and set pressures.
The connection between pressure, temperature and RH in combination with long
response times of the temperature and pressure control systems, can lead to an
increase in both the amplitude and the time period of the oscillations, creating a
risk of wood damage. Time periods exceeding 2.5 h and amplitudes exceeding
5�C can be seen at the final stages of the drying process (Hedlund 1996).

A common problem in vacuum kilns is an uncontrolled temperature increase
in the later stages of the drying process caused by the energy released from the fan
motors as the power demand of the drying process is reduced. Measurements
have shown temperatures increasing up to 10�C above the set temperature
(Hedlund 1996).

Critical design factors to reach a controlled drying climate
The design of a vacuum kiln should incorporate two main features in order to
reach a controlled drying process:

A. A capability to reach and maintain the set climate at the control points
throughout the drying process

B. To ensure a controlled steam flow pattern.

In addition to maintaining the set climate, a vacuum kiln should have a
conditioning system capable of remoistening the wood in order to reduce the MC
gradient of the wood.

Maintaining the set climate
As the drying climate is defined by pressure and temperature, both are equally
important to control. However, as opposed to temperature, pressure will always
be more or less equal throughout the entire length of the kiln and varies only
by the fan pressure. This makes it advantageous to base the climate control
system on a well-defined pressure and thus the vacuum pump should be
equipped with a proportional/integrating/derivating (PID) or PI control system.

Fig. 2. Expected steam flow patterns in kilns with different fan configurations
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When the pressure is defined, climate control can be based on temperature
control.

The temperature control system must be divided into individually controlled
climatic zones along the kiln in order to maintain the set temperature along the
entire length of the kiln. Variations in heat losses through the kiln walls as well as
variations in drying characteristics of the wood can only be controlled by using
climate control zones.

The number of zones depends on the dryer length and the expected variations
in drying characteristics of the wood to be dried. A minimum of three zones is
needed to allow for one zone in the centre section and one zone at each end of the
kiln. Each climate control zone needs to incorporate individual temperature
measurements and individually controlled heating coils.

As the energy demand is greatly reduced at the end of the drying process, a
simple on/off regulation of the heat valves is insufficient. The heat valves of
each climate control zone should be equipped with a PI or PID control system.
The energy input from the fan motors can cause an uncontrolled temperature
increase at the end of the drying process so it is necessary either to cool the
steam or to reduce the fan speed. The kiln and the wood cart should be de-
signed to reduce the risk of a cooler drying climate at the bottom of the stack.
This could be achieved by means of an insulated cart bottom or double bottom
plates where a limited amount of steam is allowed to pass below the stack in
order to heat the cart.

Controlled steam flow pattern
The only possible method to ensure a controlled steam flow pattern is to have a
well-defined pressure side and suction side of the stack. The steam must pass
from one side of the stack to the other. In a very short kiln this can be achieved
with the fans placed at the ends of the stack, but in a kiln of normal industrial
size, the fans should be placed above the stack. A fan configuration with the
fans beside the wood stack will always result in an uncontrolled drying process,
since the steam will follow the easiest route from the pressure side to the
suction side of the fans, resulting in dry areas and wet areas of the cross
section.

The steam should pass through the wood stack with a well-defined velocity.
Thus no steam should be allowed to pass around the stack at the ends, above or
below. This makes it necessary to use flaps above the stack and at the stack
ends. Weights, in the form of plates resting on the stack, have the double
advantage that they eliminate the risk of steam passing above the stack and
reduce deformations of the wood. In a similar fashion, plates at the ends of the
stack eliminate the risk of steam passing around the stack, reduce end checking,
and reduce the risk of colder steam at the ends due to the relatively greater heat
losses through the kiln ends. The direction of steam flow should be reversed as
in conventional kilns in order to reduce the effect of the temperature drop
across the stack.

Conditioning system
In order to accomplish an efficient conditioning phase it is necessary to add
moisture to the wood. It is of vital importance, therefore, to incorporate a water
spray or steaming system to the kiln design. Such a system also benefits the initial
heating phase. Steaming systems are incorporated in, for instance, Brunner-
Hildebrand and Maspell vacuum kilns (Ressel 1993) and water spray systems in
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Vanicek (Vanicek and Bittner 1992) and Mühlböck vacuum kilns (Mühlböck,
personal communication, 1993). The suggestions above are presented in Fig. 3.

Discussion
The demands on temperature control in vacuum kilns in order to fulfil the
demands of the EDG Exclusive class are close to the theoretical limits of an
industrial drying kiln. The only possible method to maintain the temperature
throughout an industrial kiln with sufficient accuracy is to use independent cli-
mate control zones equipped with a PI or PID control system. Furthermore, it is
only possible to create a predictable temperature profile across the wood batch if
the steam flow is well defined. This is impossible without a well-defined pressure
side and suction side of the batch meaning it is necessary to place the fans above
the wood in large industrial kilns. None of the industrial kilns in which mea-
surements were made can control the climate with acceptable accuracy to reach
the EDG Exclusive drying class except at very low target MC levels.

Conclusions
The temperature control system should be divided into independent zones along
the kiln in order to maintain the set climate and the heat valves of each climate
control zone should be controlled by a PI or PID regulation system.

Steam flow patterns must be well defined in order to reach a controlled drying
process. Fans should be placed above the wood in order to accomplish such
controlled steam flow, with the possible exception of very short kilns. The fans
should be reversed at regular intervals and be equipped with speed control.

The vacuum pump should be equipped with a PI-regulation system or
equivalent. The kiln should be equipped with a conditioning system with the
ability to add moisture to the wood. With proper climate control, the final drying
quality will be improved since the drying schedule can be controlled, making it
possible to dry wood to higher final MC as the MC variation will be reduced.

Fig. 3. Suggestions to reach a controlled drying climate in a vacuum kiln
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Future work
Vacuum drying with convective heating can also be described as drying in
superheated steam at reduced pressure. A study of climate variations in an
industrial kiln working with superheated steam at atmospheric pressure is being
prepared. In addition, the knowledge of steam flow patterns during drying within
vacuum kilns is limited; further measurements are needed.

This article is based on the assumption that the final MC can be controlled by
means of the short term average EMC of the climate surrounding the wood. It is
possible that the drying process could be better described by means of an energy
transfer model, but we lack working theoretical models for wood drying in
superheated steam and such studies are encouraged.
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Abstract

The present study deals with the influence of drying schedule on the strength and the stiffness of Norway Spruce 
timber. A previous study gave 11.5 % lower bending strength of timber dried at 115°C compared to timber dried 
under conventionally (70°C) low temperatures. No influence of high temperature drying on the stiffness was found. 
These results are in the present paper further evaluated. Special attention is made to the influence of the drying 
process on the strength and stiffness of structural timber. A comparative study with the mechanical properties of old 
timber from buildings more than 50 years old is planned.

A total number of 634 logs from two regions in Sweden were sawn into planks of dimension 50 mm x 150 mm. 
The planks were pre sorted in terms of raw stiffness by a stress grading machine. This resulted in eight groups of 156 
planks with equal stiffness in the raw condition. Six different drying schedules in maximum dry temperatures 
ranging from 70 °C to 125 °C were applied to different groups of planks, including a test made to study the effects on 
the wood during the heating phase to 125 °C. 

After non destructive evaluation of the dried material by machine stress grading and optical scanning, the 
mechanical properties of the dried wood was determined. Both bending- and tension strength were evaluated. Failure 
modes with special concern to failure close to knots are being analysed. Fracture energy is determined for samples 
from each drying schedule.

The results from the present study will give new information on the influence of high temperature drying on 
strength and stiffness of structural timber. As a wide range of drying schedules are studied valuable information for 
the optimisation of drying schedules as well as stress grading will be available.

INTRODUCTION

The drying temperatures at sawmills in northern 
Europe are steadily increasing in order to shorten drying 
times and reduce degrade due to distortion. As drying 
temperature increase there is a risk of reduced strength 
as shown in several studies, such as (Huffman, 1977 and 
Sehlstedt-Persson, 1995).  A change in the mechanical 
properties of the material can also influence stress 
grading of the wood. Thus there is a need to determine 

the effects of  drying at elevated temperature on the 
physical properties of north European wood.   

EARLIER TESTS AT SP

The results of a previous study at SP have indicated 
that the strength but not the stiffness of Norway Spruce 
(Picea Abies) is reduced if dried in High Temperature 
(HT) or Low High Temperature (LHT) as compared to 
conventional Low Temperature (LT) (Bengtsson and 
Betzhold, 2000). Table 1. summarizes the results of the 
study. 



Table 1. bending strength and stiffness of planks dried
at LT, LHT and HT. MOE shown as local value 

measured within the constant bending moment zone 
(from Bengtsson and Betzhold, 2000).

Drying
batch

fm (MPa) MOE (GPa)
Average Std. dev Average Std. dev

HT 1 46.5 14.4 13.7 2.6
HT 2 45.6 13.8 13.2 2.4
LT 1 49.8 14.7 13.9 2.7
LT 2 52.0 13.1 13.5 2.7

LHT 1 44.3 13.9 13.9 2.6
LHT 2 45.7 13.2 13.5 2.7

PREPARATION OF WOOD PRIOR TO DRYING
Norwegian Spruce logs from the logyards of one 

sawmill in northern and one in southern Sweden were 
used to produce the planks for the test. No specific 
selection of logs except dimension was made.

The logs were 2-ex sawn to nominal dimension 50 
mm x 150 mm and trimmed to maximum length 5.25 m 
before being wrapped  in plastic. Green Moisture 
Content (MC) was determined on cut offs from the 
trimmer. 

The minimum bending stiffness of each green plank 
was measured by a mechanical stress grading machine. 
Eight drying batches were then formed from the planks 
from each batch of logs according to the principle: 
Batch 1 contains planks with stiffness 1, 9, 17, 25...  
Batch 2 contains planks 2, 10, 18, 26... The planks with 
the lowest as well as highest stiffnesses from each log 
batch were excluded. The planks were wrapped in 
plastic and shipped to the drying kilns.  

DRYING SCHEDULES IN THE STUDY

Six drying schedules have been tested, see Table 2. 

Table 2. Overview of drying schedules
Nominal
drying

schedule

Dry
temp.
(°C)

Total
process
time (h)

Comment

70 °C maximum 63 - 70 216
59 h at 90°C 90 63 Constant power

22 h at 105 °C 105 29 Constant power
End at 125 °C 125 12 Constant power
5 h at 125 °C 125 22 Constant power

7.5 h at 125 °C 125 23 Constant power

The drying schedule 70 °C maximum was a 
conventional drying schedule used for kiln drying at 
Swedish sawmills, see Figure 1.
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FIGURE 1. Nominal drying schedule 70 °C maximum.

The wood was heated by low pressure steam during 
the heating phase to 70 °C and during the conditioning 
phase. Above 70 °C during the heating phase the wood 
was heated by steam with added power from the heating 
coils. The wood batch was cooled by water spraying and 
air ventilation before and after conditioning. 

The drying schedules at 90 °C, 105 °C and 125 °C 
were using constant power 100 kW during the drying 
phase, corresponding to approximately 16.5 kW / m3.
The resulting drying schedules are shown in Figure 2, 
Figure 3 and Figure 4.
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FIGURE 2. Drying schedule 59 h at 90 °C. Dry 
temperature measured on pressure and suction side of 
stack. Heating phase not included in kiln data.
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FIGURE 3. Drying schedule 22 h at 105 °C. Cooling 
phase not included in kiln data.
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FIGURE 4. Temperature development in kiln during 
drying test 7.5 h at 125 °C. 

MEASUREMENTS DURING DRYING

Drying climate was recorded by the drying kilns 
control systems. Temperatures of the atmosphere in the 
kiln and in the wood were also measured by 
thermocouples during the drying tests, with the 
exception of the drying test 70 °C maximum.  Power 
was measured during tests at temperatures 90  - 125 °C.

TREATMENT AFTER DRYING

Moisture content  after drying was determined by 
dry weight measurement. Residual stresses were 
measured by the cleavage method according to the 
proposed standard of the European Drying Group 
(EDG) (Welling, 1996). Checking of the sapwood side 
was measured after drying tests at 125 °C.

The dried wood was stacked and stored indoors 
under a tent with fans circulating the air for 10 weeks to 
equalize the MC of the different drying batches.

Wood dried at 70 °C and 125 °C was scanned in a 
Soliton scanner before all planks were planed to 
dimension 45 mm x 145 mm. All planks were stress 
graded and scanned once more after planing. 

The bending and tensile stiffness and strength have 
been determined for 312 planks dried at 70 °C and 312 
planks dried at 125 °C, 156 of each tested in bending 
and 156 in tensile. Failure patterns have been 
determined. Moisture content, dry density, internal 
checking and residual stresses at the time of testing has 
been measured. Samples for testing of energy of rupture 
has been randomly selected.

Similar test are being made on remaining wood 
dried at 90 °C, 105 °C and up to 125 °C with the 
exception of tensile tests. 

RESULTS FROM THE DRYING TESTS

Drying Quality
Table 3. Measurements of drying quality.

Drying
schedule

Final MC
average   s
(%)     (%)

Surface 
checks

(%)

Residual
stresses

(EDG class)
70°C max 12.2 0.9 -- --

59 h at 90°C 12.7 0.9 -- Exclusive
22 h at 105 °C 17.4 2.3 -- Quality
End at 125 °C 20.8 2.6 2.1 Quality
5 h at 125 °C 16.9 2.4 3.2 Quality

7.5 h at 125 °C 16.2 3.0 5.2 Quality

Internal Checking

Internal checking measured on cross cut surfaces of  
the samples for residual stresses show significantly 
higher  figures in the planks dried at 125 °C as 
compared to 70 °C. A total of 109 cross cuts from 289 
planks measured dried at 125 °C showed internal 
checking as compared to 44 from 281 dried at 70 °C.   

Temperature Development During HT Drying

The temperature development in the kiln was 
similar between each of the 3 drying tests at 125 °C 
maximum temperature during heating up to 125 °C as 
well as during cooling and conditioning, the difference 
being the plateau time 0h, 5h or 7.5 h at 125 °C. 

The wood temperatures measured at different depth 
in the sapwood are shown in Figure 5.
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Figure 5. Internal wood temperature during HT drying.

The wood temperature is close to 100 °C during the 
early drying stages, with temperature starting to increase 
close to the surface before the interior of the wood. The 
temperature of the atmosphere follow a similar pattern 
as the wood temperature.



MECHANICAL PROPERTIES AFTER DRYING

The results of the mechanical tests are summarized 
in Table 4. All stiffness and strength data are adjusted to 
12 % MC content of the wood according to (Kollman et 
al, 1975 and Boström, 1984).

Green Stress Grading And Dry Stress Grading

The results of the stress grading of the green wood 
and the dry wood is compared in Figure 6. 
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FIGURE 6. Comparison of result from green and dry 
stress grading of all planks in study.

Stiffness After Drying

No difference in stiffness could be detected between 
the planks dried at 70 °C and 125 °C, neither regarding 
tensile stiffness nor bending stiffness. Figure 7 show a 
cumulative graph of the modulus of elasticity (E) in 
tension for all the planks dried in each temperature. 
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FIGURE 7. Modulus of elasticity in tension after 
drying.

Tensile And Bending Strength After Drying

On the contrary to the stiffness of the planks, both 
the bending strength and tension strength of the planks 
have been significantly reduced after drying at 125 °C 
as compared to the wood dried at 70 °C. Figure 8 show 
the tensile strength of the planks after drying and Figure 
9 the bending strength.

Table 4. Results of mechanical tests of wood dried at maximum 70 °C and 125 °C maximum temperature. Planks 
from logs from northern Sweden marked "North" and southern Sweden "South".

Mechanical property (adjusted to 12 % MC)
Wood dried at 70 °C Wood dried at 125 °C

North South All planks North South All planks
E bending average (GPa) 12.8 12.7 12.7 12.6 12.9 12.7

E bending standard deviation (GPa) 2.3 2.4 2.5 2.2 2.4 2.3
Bending strength average (MPa) 51.5 43.3 47.5 46.6 43.4 45.0

Bending strength standard deviation (MPa) 11.1 12.8 12.6 12.2 12.4 12.3
Bending strength 5 % percentile (MPa) 33.0 24.9 28.9 24.3 27.0 24.8

E tensile average (GPa) 12.1 12.7 12.4 12.4 12.8 12.6
E tensile standard deviation (GPa) 2.1 2.4 2.3 2.0 2.2 2.1

Tensile strength average (MPa) 35.2 29.5 32.4 29.7 27.5 28.6
Tensile strength standard deviation (MPa) 9.2 9.3 9.6 7.8 9.0 8.5

Tensile strength 5 % percentile (MPa) 22.6 16.5 17.6 15.7 12.3 13.6
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FIGURE 8. Tensile strength of planks after drying.
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FIGURE 9. Bending strength of planks after drying.

Prediction Of Tensile Strength From Stress Grading

The correlation between the strength of the wood 
and the result of stress grading is influenced by HT 
drying as the strength of the planks but not stiffness is 
affected. Figure 10 shows the output signal from the 
stress grading machine and the tensile strength after 
drying.
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FIGURE 10. Tensile strength and stress grading after 
drying. 

During the bending tests of the material indications of a 
possible increase of planks with shear failure in the HT 
dried wood as compared to LT dried wood has emerged. 
However, these data have not yet been confirmed.

DISCUSSION
The temperature development of the kiln 

atmosphere and in the wood both seem to indicate that 
the climate in the kiln as well as in the wood is greatly 
influenced by the evaporation rate of the wood 
moisture. Although the kiln is operating at constant 
power the temperature of the wood and the kiln 
atmosphere only slowly increases as seen in the three 
drying tests at 125 °C maximum temperature. The 
temperature curves in Figure 5 show a typical pattern of 
an evaporation front in the wood, with temperatures  
close to 100 °C until the free water of the wood has 
been evaporated after which the temperature starts to 
increase. When the temperature in drying test  "End at 
125 °C" had reached 125 °C after 12 h, the MC of the 
wood was 21 %, well below the saturation point. 

The results of the mechanical tests confirm the 
results of the previous study: the stiffness of the wood is 
unaffected by the drying temperature whereas both the 
bending strength and the tensile strength are reduced at 
125 C as compared to 70 °C.

Since the strength but not the stiffness is affected by 
HT drying, a stress grading machine cannot properly 
predict the strength of the wood unless the settings 
adjusted. 

The results of the tests have indicated an increase of 
internal checking during HT drying as well as a possible 
increase in planks showing shear failure. These 
indications will be further evaluated and tested.

CONCLUSIONS

The study confirms the results of the previous study 
made at SP: the strength of the wood is reduced during 
HT drying as compared to LT drying, but the stiffness is 
unaffected.

Since the strength but not the stiffness is affected 
there is a need to adjust settings of stress grading 
machines in order to properly evaluate HT dried lumber.

Further tests of the dried material are needed in 
order to provide data for analysis of the degradation 
mechanisms of the wood during drying and to establish 
settings for stress grading of HT dried lumber. 



FURTHER TESTS AND ANALYSIS

A series of further tests are planned to be made 
during the spring of 2001.

Remaining planks dried at 90 °C, 105 °C 
temperature as well as heated up to 125 °C will be 
tested in bending.

The failure patterns of the tested planks will be 
evaluated with primary focus on the failure patterns 
close to knots.

A comparative study of strength and stiffness of old 
wood, 50 years and older, is planned. The comparative 
study is aimed as a pilot test of a thesis that the changes 
in mechanical properties during HT drying can be seen 
as an accelerated ageing of the wood.

Samples for determining of energy of fracture and 
shear strength have been taken from the tested planks.
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ABSTRACT
High Temperature drying has by numerous studies been shown to affect strength properties as well as moisture properties 
of the wood treated. The present study aims at determining the effects of different heat treatments of small clearwood 
samples on material properties. Samples were treated in dry and moist air, saturated steam and water. Temperatures 
varied from 20 °C to 150 °C. Treatment periods varied from 6 h to 96 h. The results of the study indicate that the effects of 
treatment are dependent not only on the method of treatment and time, but also on the pre treatment of the samples such as 
ingoing moisture content.

INTRODUCTION

Strength properties of Norway spruce planks after industrial drying in elevated temperatures have been 
studied in a series of projects at SP Technical Research Institute of Sweden (Betzold, 1999), (Bengts-
son and Källander, 2001), (Imbaud, 2001), (Källander et al. 2001), and (Dahlberg, 2002). Laboratory 
studies on clearwood samples were then initiated to investigate degrade mechanisms at elevated 
temperatures. As expected the laboratory studies on clearwood samples showed different results as 
compared to the full size planks (Källander and Bengtsson, 2003) and (Landel, 2004). It is evident that 
the result of strength tests on small clearwood samples will rely on different material properties than 
corresponding tests on planks, were the stresses around local defects will determine the result. 
However, it can also be expected that the kiln drying climate will lead to different internal wood 
climate in a plank than in a small sample, and thus influence the wood material properties differently.

The combined effect of the factors above is shown in Figure 1 where the results from tensile tests at SP 
of full size planks after High Temperature (HT) drying are compared with tests on small clearwood 
samples as reported by Stamm, 1953. The "loss of tensile strength" is 100 - 1000 times faster in the 
planks than in the clearwood samples.

Figure 1.Heating time versus temperature to reach various degrees of wood degradation. Solid line corresponds to 

10 % loss of modulus of rupture on dry clearwood samples. The square marks the time and temperature range 

resulting in similar strength loss in planks in the SP studies (Källander and Bengtsson, 2003).
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Chemical processes causing degrade of wood material

Fengel and Wegener, 1989 describes three different chemical processes that will lead to degrade of 
wood at elevated temperatures: 1) hydrolysis, 2) dehydration, and 3) oxidation.

1) Hydrolysis is generally accepted as the main cause of degrade during HT treatment of wood. During 
hydrolysis the polysaccharide is broken as water is bound to the molecule. It is obvious that hydrolysis 
requires water, and that the total mass of the polymer (parts) will increase as the water molecule is 
added. Hydrolysis is accelerated in acidic environment (Fengel and Wegener, 1989), and hence 
accelerated by organic acids like acetic acid and formic acid formed during the hydrolysis. The organic 
acids will act as catalysts for the hydrolysis, but since acetic acid and formic acid are highly soluble in 
water, part of the acids can evaporate together with the moisture.

The main part of the resulting degrade compounds are shorter saccharides. These saccharides are not 
volatile and will not evaporate from a solid piece of wood during drying. However, if the hydrolysis is 
carried out on sawdust in an acidic solution, a large portion of the reaction products can be expected to 
be extracted with reduced total mass as a result. During a drying process of sawn planks water will 
always be present, either as bound or free water or as water vapour or steam. On the other hand, small 
samples quickly dries out in high temperatures, resulting in a dry treatment process. It is clear that the 
size of the sample treated and the treatment agent will influence the result. 

2) Dehydration implies that the polysaccharide is broken as water molecules are released (Fengel and 
Wegener, 1989). Dehydration does not require presence of water since the water is produced in the 
process. When dehydration takes place at temperatures above 100 °C, the water molecules produced 
will evaporate from the wood in the form of water vapour or steam, leading to a reduction of the mass 
of the sample treated. 

3) Oxidation reactions occur in parallel with hydrolytic degradation during for instance acidic pulping 
(Fengel and Wegener, 1989). Oxidation leads by definition to an increase in molecule weight. The 
sample size and treatment atmosphere can be expected to have great influence. If oxidation has a 
significant effect on wood properties after drying is not known to the authors.

MATERIAL AND METHODS

A total of 1108 clear wood samples from Norway Spruce and Douglas-fir for heat treatment were 
prepared from the sapwood of taper sawn 60 mm Norway spruce planks (576 samples) and a 0,55 m 
diameter Douglas fir log (532 samples). Sample dimension 40 mm x 40 mm x 40 mm. All samples 
were conditioned in standard climate 20 °C / 65 % RH to approximately 12 % MC and density of the 
samples determined.

The samples were divided into sets of 10 samples with corresponding average density. Two sets from 
each wood species were used for each thermal treatment, or 20 samples per species. The samples were 
exposed to elevated temperatures in moist air, in steam, and in hot water for times ranging from 6 h to 
96 h. Temperatures ranged from 95 °C to 125 °C. Treatments were done with samples impregnated 
with water (MC at start 60 % - 150 %) as well as conditioned samples (MC at start 12 %).

Four varieties of treatments were used: 1) moist air treatment, 2) saturated steam treatment,
3) hot water treatment with free samples and samples wrapped in aluminium foil to reduce extraction 
of reaction products from the samples, and 4) hot water treatment followed by moist air treatment.

The moist air treatment was done to simulate the wood climate during the diffusion phase of the drying 
process and the wood surface will be exposed to water vapour. The treatments were done in closed 
chambers were steam from boiling water was continuously fed into the chamber. Saturated steam 
treatments were done to simulate the capillary phase. The treatments were done in a pressurized vessel 
with samples placed above boiling water and excess steam evacuated by a pressure valve. Hot water 
treatments were made to simulate the climate inside the evaporation front of the wood. The treatments 
were made in 20 litre stainless steel cauldrons.
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Kiln climate and internal wood temperature were recorded during treatments. After treatments samples 
were inspected, weighed and reconditioned in 20 °C / 65 % RH before shear testing and energy of 
rupture testing. The wood samples were stored more than 2 years in 20 °C / 65 % RH before the final 
MC was determined by dry weight measurement. 

RESULTS ON EMC

The results show a drop in average EMC of the samples during treatment from 11,8 % to 10,6 % for 
Douglas and from 12,5 % to 11,2 % for Spruce. The drop in EMC seems to happen early in the 
treatment process. Figure 2 shows EMC after treatment in humid air at 105 °C for different periods.
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Figure 2. Final average MC after treatment in 105 °C humid air.

The results show a faster drop in EMC during treatment in humid air as compared to saturated steam, 
see Figure 3. The total EMC drop in humid air seems not to be influenced by the treatment temperature 
at 105 °C and above, the final MC is approximately  9 % for Douglas samples and 10 % for spruce. 
Treatment in saturated steam shows a slower effect on the EMC, and a increase with temperature.  
Water treatment in temperatures up to 100 °C show no significant effect on average EMC in this study.

0

2

4

6

8

10

12

14

0 25 50 75 100 125 150
Treatment temperature (°C)

Fi
na

l a
ve

ra
ge

 M
C 

(%
)

Spruce steam

Douglas steam

Spruce humid air

Douglas humid air

Figure 3. Final average MC after treatment in different temperatures for 24 hours.



COST E 53 Conference - Quality Control for Wood and Wood Products

The temperature measurements during treatment show that the internal wood temperature rapidly 
increases to the level of the treatment climate, indicating that all or most of the initial moisture in the 
samples has been removed. Figure 4 shows temperature readings from treatment of water impregnated 
samples in 125 °C.
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Figure 4. Temperature development during treatment in 125 °C humid air. Internal wood 

              temperature shows that samples have dried out after approximately 1h 30 min.

Results on deformations and internal checking

The initially cubical samples were generally more or less deformed into rhombic shape during 

treatment due to the anisotropy of the wood. Several of the samples that first were boiled and then 

immediately humid air treated showed radial checking and deformations as if there was collapse in the 

interior parts. These samples also showed internal radial checking when the samples later were split. 

Figure 5 shows radial checking in the earlywood of Douglas samples boiled for 12 h followed by 

drying 12 h in 125 °C.

Figure 5. Radial checking in earlywood of Douglas samples boiled 12 h and dried 12 h in 125 °C.
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DISCUSSION

The study has resulted in a significant reduction of EMC after heat treatment. This confirms that the 
methods of heat treatment used have influenced the chemical composition of the wood.

The results seem to show a rapid reduction in EMC of the samples during the early stages of the 
temperature treatment, after which the rate of EMC reduction is greatly reduced or halted. At the same 
time the temperature readings show that the internal wood temperature rapidly increases above 
temperatures where free water can be present, and within 2 hours reaches the surrounding temperature. 
As the wood temperature is at the same level as the surrounding atmosphere, little or no evaporation 
can occur. The wood is dry. As the moisture of the wood is removed, the rate of EMC reduction is 
greatly reduced.

The lower reduction rate in EMC during treatment in saturated steam is somewhat unexpected. Earlier 
studies have indicated a higher effect on wood properties from treatment in steam as compared to air 
(MacLean, 1953 and Stamm, 1956). The results in this study can possibly be linked to the water 
impregnation of the samples prior to treatment, by which the air treated wood has been supplied with a 
reservoir of water for quick hydrolysis. A different pattern could have shown if the treatment periods 
with steam had been longer. Then it is possible that the EMC would have continued to be further 
reduced. The treatment periods and temperatures in this study have been limited to drying schedules 
used in European wood industry.

This study has not shown any stronger effects on the EMC of the wood material after the initial
moisture of the wood has been removed. This indicates that the wood has not been seriously affected 
by oxidation or dehydration.

The results indicates that the difference between the effects of a specific treatment climate on planks as 
compared to small clearwood samples is linked to the water content of the wood. The small samples 
quickly dries out at elevated temperatures, after which hydrolysis is decelerated or stopped. This would 
in turn indicate that tests on small clearwood samples need to be performed in such a way that the 
internal wood climate corresponds to the internal climate of planks during drying in order to result in 
corresponding results.

CONCLUSIONS

- The study has lead to significant reduction sin EMC of small clearwood samples after heat treatment.

- The hydrolysis during thermal treatment seems to be dependent on the water in the wood rather than 
the humidity of the atmosphere. 

- As the small samples dry out, hydrolysis is halted. 

- The procedure during test on small clearwood samples need to be adapted to the internal wood 
climate in order to provide results that correspond to industrial drying of planks.
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Kiln Climate and Internal Wood Climate during Drying and 
Heat Treatment of Logs, Planks and Clearwood Samples 
Björn Källander Stora Enso Timber AB, 79180 Falun, Sweden

ABSTRACT

Effects of elevated temperatures on wood properties have been reported in numerous studies. Altered properties 
on microscopic level as well as plank level have been reported. The altered properties are related to physical as well 
as chemical phenomena.

Changes in chemical properties can be expected to be greatly influenced by the internal wood climate. The 
internal climate will influence speed of chemical reactions and possibly also lead to different processes for a dry 
specimen as compared to a moist, and for specimens at high temperature as compared to lower temperature.

The internal wood climate during drying and heat treatment will be determined by factors like drying climate, 
moisture content of the wood, material properties, and size of the specimen studied. Evaporation of moisture and 
moisture flux will influence kiln climate as well as internal wood temperature level and temperature distribution. A 
small specimen will adapt faster to the surrounding climate than a large specimen. A specific kiln climate will lead 
to different moisture gradient and internal stresses in a small sample as compared to a full size plank. When results 
from small samples are to be compared to results from planks or logs, the correlation between internal climate in 
small and large samples needs to be considered.  

The present paper reports results from temperature measurements during drying and heat treatment of logs, 
planks and small clearwood specimens. The results illustrate the great difference in internal climate between small 
and large specimens treated in the same external climate. The paper includes principal suggestions on strategies for 
how to adapt laboratory tests on small samples to industrial treatment of sawn lumber.

INTRODUCTION

Research as well as industrial development of wood 
drying related issues are commonly performed in small 
laboratory cabinets or semi scale pilot kilns. Often the 
test samples are small clearwood samples. By obvious 
reasons this both reduces costs and enhances the 
possibilities to maintain a controlled environment 
during the tests. However, as the present paper will 
illustrate, the reduction in kiln dimensions as well as 
sample size can lead to major differences in effective 
kiln climate as well as internal wood climate, and 
consequently also in the chemical and physical 
response of the wood material. 

A different response of the wood to the drying or 
treatment schedule can be related to physical as well as 
chemical effects. As will be illustrated in this paper, a
few small size samples in a laboratory cabinet will not 
have the same influence on the kiln climate as a batch 
of possibly 200 m3 of green lumber in an industrial 
kiln. A small clearwood sample will not react to a 
specific climate in the same way as a log or a full size 
sawn plank.

Both the influence of the wood load on kiln climate 
and the different response to the actual climate 
surrounding the test material need to be taken into 
consideration when a study is planned as well as when 
the final results are evaluated. A laboratory test needs 
to be designed in such a way that the actual effects on 
the wood material reflects influence on full size 
material treated under industrial conditions.

DEGRADE MECHANISMS IN WOOD

Drying and heat treatment processes can lead to 
degrade of the wood material through chemical 
processes as well as physical effects. Chemical 
degrade and physical damage can be linked, Fengel 
and Wegener quotes several studies where presumably 
thermal decomposition precedes failures between cell
wall layers (Fengel and Wegener, 2003).

Three main processes lead to chemical degrade of 
wood at elevated temperatures: hydrolysis, 
dehydration, and oxidation (Fengel and Vegener, 
2003). The principal characteristics of the three 
degrade processes are summarized in Table 1.



Table 1. Summary of principal mechanisms for cemical degrade of wood during heat treatment. 
Degrade process Principle Requires Accelerated by Initial impact on dry 

weight
Hydrolysis Molecule is broken as 

water is added
Water Temperature

Acidic environment
Increase

Dehydration Molecule is broken as 
water is released

Heat Unknown to author Decrease

Oxidation Molecule is broken as 
oxygen is added

Oxygen Temperature
Acidic environment

Increase

It is obvious that hydrolysis only will occur if moisture 
is present. Degrade of a dry speciment can be expected 
to be primarily caused by dehydration or oxidation. 

Hydrolysis of polysaccharides will by definition lead 
to an increase of the total weight as water molecules 
are added to the structure. At the same time several 
researchers report weight loss after heat treatment. 
Weight loss of the polysaccharides during heat 
treatment in a gaseous environment (air or other) will 
require that the polysaccharides are reduced to volatile 
compounds. Fengel, in a study of heat treatment of 
sawdust, expects that that the conversion of the 
polysaccharides into volatile substances is performed 
in three stages; the first stage is a partial 
decomposition of the long chains into shorter ones, the 
second stage either is a direct or indirect disintegration 
of short chains into monosaccharides, after which an 
immediate further disintegration into volatile 
substances takes place (Fengel, 1966).

The temperature level of the wood will not only 
influence the speed of the reaction, but also which 
chemical reaction that will occur (Fengel and 
Wegener, 2003). An industrial example is heat 
treatment wood, where treatment at 185-190 °C is used 
to reduce swelling and shrinking of the material, whilst 
treatment at 200-212 °C is required in order to also 
improve resistance to decay (Thermowood handbook,
2004).

It is obvoious that internal stresses during drying and 
heat treatment of wood is influenced by sample size 
and growth characteristics. A small clear wood sample 
will not face the same internal stresses as a full size 
plank, when exposed to the same climate. Size will 
also influence the moisture content and temperature 
distribution, which in turn will have a direct influence 
on physical damage since both influences strength 
properties (Siimes, 1967).

The combined physical and chemical effects on 
strength of sawn planks are far greater than the 
reduction of strength of small clear wood samples. 
Figure 1 shows the logaritmic time to reach different 
degrees of degradation of small clear wood samples at 
various temperatures and atmospheres (Stamm, 1964). 
The treatment times tom reach 10 % loss of strength 
for clear wood samples are roughly 100 times longer 

than the periods used for treatment of planks to reach 
strength loss of the same magnitude in (Källander et al,
2001).

Figure 1. Loss of tensile strength roughly 100 times 
faster in planks as compared to clearwood samples.
Figure from (Stamm, 1964) with treatment leading to 
10% reduction in strength highlighted, and treatment 
periods and climates of Norway spruce planks leading 
to 12 % reduction of tensile strength shown. From 
(Källander and Bengtsson, 2004). 

MATERIAL AND METHODS

Studies quoted in this paper were conducted at SP 
Swedish Testing and Research Institute in the period 
1998-2006. The studies have been conducted on Scots 
pine (Pinus silvestris), Norway spruce (Picea abies),
and Douglas fir (Pseudotsuga menziessii). Tests have 
been conducted on 40x40x40mm clearwood samples,
50x150 mm planks and 500+ mm diameter logs.
Drying and heat treatment have been conducted in
industrial and pilot High Temperature (HT) kilns as 
well as in laboratory drying cabinets and climatic 
cabinets. All tests were made with constant set dry 
temperatures.

Kiln climate was recorded by wet and dry bulb 
measurements in different positions in the kilns.
Internal wood temperature was recorded by Pt100 
gauges and Thermocouples inserted into holes drilled 
into the wood. The holes in planks and logs were filled 
with one component Polyurthane adhesive to reduce 
local drying at the measurement position. Holes in 
small clear wood samples were not plugged.



Figure 2. Small clear wood samples in laboratory 
cabinet. Saturated conditions were guaranteed by 
means of constant supply of vapour from an external 
boiling pot. Power rate exceeding 2 MW/m3. From
(Landel, 2004).

RESULTS

All industrial and pilot kiln drying tests show 
temperature curves where the dry temperature, after 
the heating phase, gradually increases up to the set 
value. Figure 3 shows a typical temperature 
development during HT drying. The drying process 
was made with constant heating power, nominally 100 
kW for a batch of 4,5 m3 50 x 150 mm spruce planks. 
Set temperature value 125 °C is reached after 
approximately 12 hours heating with closed vents.
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Figure 2.3. Internal wood temperature in Norway spruce plank during HT drying, from 
Bengtsson et al, 2001.

Figure 3. Temperature development in kiln and wood 
during HT drying test. Set dry bulb temperature 125 
°C is reached after approximately 12h. Nominal power 
rate 20 kW / m3. From (Källander et al, 2001). 

The temperature in a small laboratory cabinet increases 
much faster. Figure 4 shows the temperature 
development in kiln and wood in a laboratory cabinet
with nominal power rate in excess of 2 MW/m3.
Saturated conditions during treatment achieved by 
means of external boiler.
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Figure 4. Temperature development in kiln and wood 
samples during treatment in laboratory cabinet. Kiln 
reaches set dry bulb temperature within 40 minutes. 
Centre of test samples reaches surrounding
temperature approximately 126 min after insertion in 
kiln. From (Landel, 2004). 

An extreme opposite case is represented by a 500+ mm 
diameter log dried in a HT drying kiln. The large cross 
section in relation to the surface area lead to a very 
slow increase of internal wood temperature as shown 
in Figure 5.
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Figure 5. Temperature measurements during drying of 
a 500 mm log at 105 °C set dry bulb temperature. Dry 
bulb and wet bulb temperatures drop as vents are 
opened after approximately 8 h heating, after which 
the HT kiln requires an additional 16 h to reach the set 
dry temperature. Part of figure from (Landel 2004).

The three drying tests clearly illustrates the influence 
of sample size on the internal wood climate. The 
temperature of the small clear wood samples in Figure 
4 rapidly adapts to the surrounding temperature. 
Internal temperature reaches surrounding temperature
after approximately 2h, indicating that the samples are 
completely dry. 

Figure 3 shows how the internal wood temperature in 
planks during industrial drying closely follows the 
saturation temperature of the surrounding atmosphere 
during the early stages of drying. As the evaporation 
zone reaches each temperature gauges at different 
depths of the wood, temperature starts to increase.  



The temperature development in a log during HT 
drying shows a slightly different behaviour. The 
temperature development close to the surface has a
similar behaviour as the temperature development in 
the planks. After an initial period where the 
temperature closely follows the saturation temperature, 
temperature starts to increase as the free water has 
evaporated. However, the internal parts of the log will 
show a different behaviour due to the very large cross 
section of the log in relation to the surface area. As the 
surface layers of the log dry out, heat conductivity as 
well as moisture flux will be reduced, which in turn 
will reduce cooling of the log. The internal 
temperature of the log will thus increase above the 
saturation temperature and reach levels closer to the 
surrounding dry bulb temperature, even though the 
temperature in the test shown did not increase above 
100 °C.

All tests reported in this paper have been conducted at 
relatively low temperatures, up to 125 °C set dry 
temperature. Clear indications of chemical changes in 
small clearwood samples have been determined. 
Figure 6 show reduced Equilibrium Moisture Content 
(EMC) in clear wood samples after 24h treatment in 
steam and humid air (Källander and Landel, 2007).  
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Figure 6. Effect of 24 h treatment of small samples in 
humid air and in saturated steam at various 
temperatures. The drop in EMC shows that chemical 
changes in the wood material have occured. From 
(Källander and Landel, 2007).

The clear wood drop in EMC seems to happen early in
the treatment process. Figure 7 shows EMC after 
treatment in humid air at 105 °C for different periods.
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Figure 7. Influence on EMC of treatment of small 
samples in humid air. The test results indicate that 
changes occur occur early in treatment. From 
(Källander and Landel, 2007).

DISCUSSION

The results clearly illustrate how evaporation of 
moisture from the wood influences the kiln climate. In 
the early phases of HT drying or heat treatment, kiln 
temperature will remain low also if the heating power 
is high. As the surface wood dries, evaporation rates 
will decrease and the kiln temperature can rise. 

Small samples treated in temperatures above 100 °C 
will dry out in a relatively short period of time. In the 
studies by Landel, 40 mm x 40 mm x 40 mm softwood 
cubes were completely dry after periods ranging from 
1h to 3h, depending on treatment temperature. After 
this period moisture is no longer available for 
hydrolysis, and chemical degrade of the wood material 
will primarily be attributed to dehydration or 
oxidation. As is shown in Figure 7, chemical change 
shown by reduced EMC occurs primarily during the 
early phases of treatment, which can be seen as an 
indication that the changes are attributed to 
hydrolyzation linked to moisture present in the wood. 
As the samples are dried out, no further changes in 
EMC can be detected.

A plank or log of full size cross section will show a 
principally different behaviour as compared to small 
samples. Moisture will be present throughout a drying 
process, either as liquid or bound water in the interior 
inside the evaporation zone, or as vapour or steam 
passing out from the interior to the surface outside. In 
the case of a log, the slow drying process will keep the 
interior at a high temperature also at high moisture 
content levels. Thus, during drying of planks or logs,
hydrolysis should be possible throughout the process.

It is clear that different parts of a plank will face 
different internal climates during a drying process, as 
the surface wood faster than the interior parts will dry 
out and allow for increased temperature. However, it 
can also be expected that the different volumes of a 
plank will influence each others. Although the surface 
wood quickly will dry out, water vapour or steam 
flowing out from the evaporation zone will still be 
present. Mass flow will vary between different parts of 
the plank depending on the permeability of the 
material. How this flow of probably superheated 
vapour affects the wood material is unknown.

Under the assumption that the internal wood climate 
during drying or heat treatment will pass through 
different principal stages during, leading to different 
degrade processes in each stage, a laboratory treatment 
of a small sample should be made to simulate these 
internal climates. 

At the same time it can be expected that the sequence 
of the internal climates also will influence the process. 
Acids and other reaction substances formed by 
hydrolysis during the convective phase can influence 



later degrade, polyoses already shortended by 
hydrolysis can be affected differently as if they had not 
been previously damaged. 

The combined effects will make it rather complicated 
to recreate the drying and degrade process within a 
plank in a small test sample. Treatment of a small 
sample will primarily lead to effects corresponding to 
one internal wood climate, and to simulate the drying 
process of a full size plank would not only require 
treatment in a series of climates, but possibly also 
supplement vapour flux through the hot and relatively 
dry specimen in the later treatment stages.

Due to the difficulties to reproduce an actual drying or 
treatment process of a plank in a small sample, a high 
temperature drying tests or heat treatment tests should 
preferrably be made on larger specimens, where at leat 
the cross section corresponds to actual plank sizes.  

CONCLUSIONS

The evaporation of moisture from the wood load in an 
industrial kiln will have a strong influence on the kiln 
climate, also when very high heating power is used. 
Kiln temperature will correspond to the evaporation of 
moisture and heat transfer into the wood, and not 
increase until the surface layers of the wood has dried 
and evaporation rate is reduced. 

The climate or drying schedule in a laboratory test 
with aim to study influence of a drying or heat 
treatment process on wood properties needs to be 
designed to follow the actual climate surrounding the 
wood, rather than a fixed constant climate.

The moisture distribution in the wood during treatment 
will limit the internal wood temperatures also when the 
wood is surrounded by high temperatures. In volumes 
with liquid water present, temperature will not increase 
significantly above 100 °C. In volumes showing 
temperatures well above 100 °C, no liquid water is 
present.

Different degrade mechanisms will occur in presence 
of water and without presence of water. Hydrolysis can 
only occur in presence of water. A dry specimen is 
primarily degraded by oxidation and dehydration.

Due to the difficulties to reproduce the effects of the 
sequence of internal climates occurring in a plank 
during HT drying or heat treatment in a small clear 
wood sample, use of such small samples should be 
avoided. Laboratory tests with aim to study influence 
of a drying or heat treatment process on wood 
properties should if possible be made on samples with 
dimensions or at least cross section corresponding to 
actual industrial products. 
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Abstract 
The study presented in this paper was carried out to investigate the influence of sample size during 
thermal modification on the resulting Equilibrium Moisture Content (EMC) of Scots pine. Small clear 
wood samples and full size planks were heat treated together with regular production in industrial 
kilns under atmospheric pressure and elevated pressure. Temperatures in kiln and wood were 
recorded during treatment, and resulting EMC was determined on the material before and after 
treatment. Dry weight measurements were used to determine mass loss during treatment. 

The results showed a strong influence of sample size during treatment on resulting EMC. Small clear 
wood samples showed less reduction in EMC as compared to full size planks. Both material near the 
surfaces and material close to the ends of the treated planks showed less reduction in EMC as 
compared to the interior of the planks. Influence of size differed between treatment in saturated and 
superheated steam. Reduction of EMC was not correlated to mass loss. 

The lesser reduction in EMC in the surface material than in the interior of the planks could be linked to 
evaporation, reducing moisture available for hydrolysis and volatile acids acting as catalysts for change 
in material properties. 

Introduction 
The study presented in this paper compared thermal modification of small size clear wood samples 
and full size planks by measuring internal wood temperatures during treatment and resulting 
Equilibrium Moisture Content (EMC).  

Scientific studies on drying and thermal modification of wood can be grouped into three main 
categories: analysis of small samples treated in laboratory equipment, analysis of semi size wood 
samples treated in pilot scale equipment, and analysis of samples taken from full size dimensional 
lumber after industrial treatment. It can be expected that both size of samples treated and batch size 
influence the process, but only few studies have been published where different results after drying 
or thermal modification of full size planks and small specimens are evaluated, or where laboratory 
treatment of wood has been compared to industrial processes (Kozlik, 1968; Källander and Landel, 
2004; Källander, 2010). It is of great importance to be able to transfer results from laboratory studies 
to industrial processes, both in order to speed up development and to reduce cost for testing.   

Thermal modification is known to reduce EMC of wood considerably, with higher treatment 
temperatures leading to greater reduction (Kollmann and Schneider, 1963, Borrega and Kärenlämpi, 
2007; Aytin et al., 2015). However, reduction in EMC and hygroscopic properties have been shown 
after high temperature drying at considerably lower temperature levels as well (Kininmonth, 1976; 
Lehtinen, 1997), and even after conventional kiln drying at temperatures below 100°C (Tiemann, 1917; 
Gjerdrum, 2003; Majka et al., 2014).  
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Thermal modification may change the hygroscopic properties of wood through both the chemical 
properties and the physical structure of the material. Thermal modification will influence the capillary 
properties of heartwood and sapwood differently (Metsä-Kortelainen et al., 2006, Johansson et al, 
2006, Metsä-Kortelainen and Viitanen, 2011). Increased capillarity may be explained by damage to the 
pits (Terziev and Daniel, 2002; Sehlstedt-Persson et al., 2006). High Temperature dried pine also shows 
micro cracks in the S3 layer of the cell walls (Terziev and Daniel, 2002; Gao et al., 2014). It is possible 
that such micro checks can increase Equilibrium Moisture Content (EMC) of the wood through capillary 
forces at higher relative humidity. It has been reported that the influence on hygroscopic properties 
after thermal modification can be altered or reversed if the wood is subject to repeated remoistening 
and drying (Obataya and Tomita, 2002; Sehlstedt -Persson, 2008; Willems, 2015). EMC may also be 
influenced by internal stresses (Shmulsky et al., 2001) 

Initial wood quality will also influence the resulting properties as clear wood and wood containing 
knots react differently to drying and elevated temperature (Gjerdrum, 2003). Thermal modification 
can also lead to the formation of hygroscopic degradation products (Kollmann, 1936; Fengel and 
Wegener, 2003). Such degradation products might not be fixed to the actual wood structure but still 
influence Moisture Content (MC) measurements of a solid body. The distribution of non-volatile 
substances not bound to the wood substance may change during drying and thermal modification, 
altering the local properties of the material (Terziev, 1996; Terziev and Boutelje, 1998; Nuopponen et 
al., 2003). Moisture bound to such substances may alter the measured EMC without actually 
influencing the material properties. At the same time foreign substances introduced into the wood 
body may have dual effects on measured hygroscopic properties. Chemical modification with DMDHEU 
(Dimethylol dihydroxyethyleneurea) will add OH-groups not directly bound to the structure onto which 
moisture may bind, and at the same time physically block access to OH-groups in the actual structure 
(Dieste et al., 2009).  

The above makes it clear that measuring MC of a solid wood body may not always reflect the 
hygroscopic properties of the material in actual cell walls. It is also evident that parameters like 
differences in material selection, sawing patterns, and sample size will influence the results of studies 
on material properties after thermal modification.  

Material and methods 
Samples of 32x150mm, 50x100mm, and 50x150mm Scots Pine (Pinus silvestris) planks were heat 
treated in industrial Thermowood® kilns together with the regular production. One set of paired 
planks was industrially treated in saturated steam. The test planks were randomly selected from 
industrial batches of Thermowood grade planks (Grading rules, 2010) sawn from logs harvested in 
Central Finland. Average MC before heat treatment was 17.6 % for 32x150mm, 17.0 % for 50x100mm, 
and 18.8 % for 50x150mm respectfully. 

Average MC and dry density (mass / volume at 0% MC) of the test planks prior to treatment were 
determined through the oven-dry and displacement method. Reference samples from each plank were 
used to determine EMC of untreated material. 

Each test plank was cut into cross sections of length 10mm, 50mm, 100mm, and either 1.25 m or 1.6 
m before treatment together with the industrial batch in the kiln, see Figure 1a. Thermocouples to 
record process temperatures in the wood and surrounding atmosphere were placed in the centre of 
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one sample of each dimension, at different depths of the longer planks, and in various locations in the 
industrial batch. 

 

Figure 1. Principal pattern for cutting of samples. a) prior to treatment, b) after treatment. 

The wood was treated according standard Thermowood D schedules, in superheated steam and 
maintaining 3 h wood temperature at the 212°C plateau temperature. MC after conditioning was 
determined on the 10mm long cross sections treated, as well as on 10mm long cross sections cut from 
the centre of samples treated with pre-cut lengths of 50mm, 100mm, 200mm, 1250mm, and 1600mm. 
Cross sections were also cut immediately at the plank ends, 50mm, 100mm, and 200mm from the 
plank ends, see Figure 1b. In addition to the paired samples showed in Figure 1a, cross section samples 
were also cut 800mm from the ends of 50 full length 50x100mm planks collected from the industrial 
batch in addition to the pre-cut samples.  

Slices cut parallel to the wide faces of the planks were used to determine variations in EMC in radial 
direction. Planks of 50mm thickness were cut into 5 slices and 32mm thick boards were cut into 3 
slices, see Figure 5 and Figure 1b.  

Two extra sets of 50x150mm cross sections were cut after thermal modification to study the influence 
of hysteresis on MC during conditioning. The extra samples were cut immediately besides the samples 
cut at 600mm distance from the ends. Half of the extra samples were sprayed with water to reach 
approximately 10% MC, and half were dried to approximately 1% MC. All extra samples were then 
stored in plastic bags for one week prior to conditioning.  

A total of 1380 samples from 4 industrial treatments were conditioned in climate 23°C / 50% RH 
minimum 90 days prior to final MC measurements. 

One set of samples was replaced in the conditioning chamber after dry weight measurement and 
reconditioned for 70 days to determine if the gradient in MC after conditioning would be different 
when all samples had the same MC at start of conditioning. 

The mass loss (ML) caused by treatment was determined by comparison of dry weight of cross sections 
from untreated samples and heat treated samples. Thickness of the cross sections was measured in 
each corner with a calliper and dry weight was adjusted to equal length for all samples. Mass loss was 
calculated for each test plank as ML = 100 * (mass untreated - mass  treated) / mass untreated. Planks 
where one sample or more contained knots or other defects influencing dry weight were not included 
in the analysis.   
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Results 
The measurements showed a strong influence of sample size on resulting internal wood temperature, 
EMC, and mass loss.  

Small samples quickly adapted to surrounding climate, whereas larger samples showed a slower 
response and maintained a lower temperature than the surrounding steam throughout the heating 
and drying phases. Figure 2 shows temperatures during initial heating of 10mm long and 1.6 m long 
samples. Core temperature of the 10mm long sample closely follows steam temperature, whilst the 
temperature measured in the centre of the 1.6 m long sample remain steadily at a lower level. The 
temperature curves indicate that the 10mm long sample is completely dry after the heating phase. 
Figure 2 also shows the gradient of the internal wood temperature, where the inner parts of the wood 
show a lower temperature as compared to wood closer to the surface during the heating phase. 

 

Figure 2. Temperature of wood and surrounding steam during the initial heating phase in industrial 
thermal modification. Process time not shown due to company secrecy. 

The internal wood temperature at the plateau phase increases above the temperature of the 
surrounding steam in all measured samples, indicating exothermic reactions within the wood. Figure 
3 shows the steam temperature and internal wood temperature of a 50x100mm plank as the kiln 
reaches the highest treatment temperatures.  
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Figure 3. Temperature higher inside wood than in surrounding steam during plateau phase.  

Smaller samples showed less reduction in EMC after treatment than full size planks, but greater mass 
loss. Figure 4 and Table 1 summarize EMC-reduction and mass loss for 50x100mm and 50x150mm 
samples pre-cut to different lengths before treatment. 

 

Figure 4. Average mass loss and EMC reduction of samples treated at different length.  
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Table 1. Influence of sample length during treatment on resulting EMC-reduction and mass loss 

Sample 
length 
during 

treatment 
(mm) 

EMC reduction Mass loss 
50x100mm  

(n = 50) 
50x150mm 

(n = 25) 
50x100mm   

(n = 44) 
50x150mm  

(n = 19) 
Average 

(%) 
St. 

dev. 
(%) 

Average 
(%) 

St. 
dev. 
(%) 

Average 
(%) 

St. 
dev. 
(%) 

Average 
(%) 

St. 
dev. 
(%) 

10 2.60 0.20 4.53 0,15 9.33 1.72 9.10 1.82 
50 2.99 0.27 4.56 0.49 6.69 1.55 7.97 1.98 

100 3.23 0.26 4.90 0,43 6.93 1.91 7.68 1.71 
1200 --*) --*) 6.13 0.30 --*) --*) 5.92 2.18
1600 4.65 0.42 --*) --*) 6.92 1.80 --*) --*) 
3800 5.32 0.42 --*) --*) --*) --*) --*) --*)  

*) Not measured. 

The samples of smallest size during treatment (10mm long by 50x100mm cross sectional area) showed 
a reduction in EMC of 2.5% as compared to 5.3% reduction in the full length 50x100mm planks treated. 
Samples from planks of dimension 50x100mm showed 1.7% less average reduction in EMC than 
samples from 50x150mm planks.  

EMC was reduced less close to the ends of the planks than in the central parts. Influence of dimension 
is shown again as 50x150mm planks show lower EMC as compared to 32x150mm. Figure 5 and Table 
2 summarize results from EMC measurements before and after thermal modification. 

 

Figure 5. Average variation in EMC along the length of (a) 32x150mm and (b) 50x150mm planks (n = 
25, +/- denotes standard deviation).  
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Table 2. EMC after treatment at different distances from plank end. Sets of 25 samples. 

Distance  
from end  

(mm) 

Moisture content after conditioning in 23°C / 50% RH
32mmx150mm 50mmx150mm 

Average (%) St. dev. (%) Average (%) St. dev. (%)
0 8.40 0.28 6.55 0.55 

50 7.67 0.43 5.65 0.5 
100 7.00 0.46 --*) --*) 
200 6.72 0.38 4.95 0.28 
600 6.33 0.40 4.82 0.30 

*) Not measured 

The reduction in EMC after treatment was greater in the core of the planks as compared to the wood 
close to the surface. The difference in EMC ranged from 1.1% for 50x150mm planks to 3.0% for 50x100 
planks. Figure 6 and Table 3 summarize the EMC profiles across the thickness of 32x150mm, 
50x100mm, and 50x150mm planks.  

 

Figure 6. Average EMC of samples cut from pith surface to sapwood surface before and after treatment 
of planks dimension 32x150mm, 50x100mm, and 50x150mm.  

Table 2. EMC at different depth of cross section before and after treatment.  

Position  
across  

thickness  
as in 

Figure 4 

Moisture content after conditioning in 23°C / 50% RH 
32x150mm 

(n = 25) 
50x100mm 

(n = 50) 
50x150mm 

(n = 25) 
Thermally 
modified 

Untreated Thermally 
modified 

Untreated Thermally 
modified 

Ave. 
(%)

St.dev. 
(%)

Ave. 
(%)

St.dev. 
(%)

Ave. 
(%)

St.dev. 
(%)

Ave. 
(%)

St.dev. 
(%)

Ave. 
(%)

St.dev. 
(%)

1. Pith   10.69 0.36 6.19 0.49 10.72 0.22 4.78 0.63 
2. 6.05 0.82 --*) --*) 4.24 0.35 10.77 0.20 3.99 0.36 
3. Core 4.45 0.66 10.84 0.22 4.35 0.51 10.76 0.15 3.99 0.22 
4. 6.58 0.64 --*) --*) 5.37 0.80 10.74 0.15 4.03 0.23 
5. Sapw.   10.62 0.26 7.24 0.37 10.70 0.18 5.14 0.48 

*) Not measured 
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The planks treated in pressurized steam showed no EMC gradient along the planks or across the 
thickness of the planks. The resulting EMC was significantly higher for samples treated in saturated 
steam as compared to that of samples treated in superheated steam. The samples treated in 
superheated steam showed lower gradient close to the ends as compared to 600mm from the ends. 
Figure 7 shows EMC of samples from paired planks treated in saturated and superheated steam. 

 

Figure 7. EMC profiles over the cross section of 50x150mm paired planks treated in saturated and 
superheated steam. Average +/- standard deviation. 

MC changes during conditioning of the 2 extra sets of samples that were moistened and dried before 
conditioning together with the paired set that was conditioned immediately after treatment show that 
the moisture content  of the 10mm long samples rapidly adapt to the surrounding climate also when 
conditioning starts at high or low MC levels. The magnitude of the hysteresis effect is shown by the 
difference in EMC between the moistened and dried samples. The average EMC for the samples taken 
directly from treatment was 5.8%, and the dried and moistened showed average EMC of 5.8% and 
6.6% respectively. 

As samples were re-conditioned from dry state, the average MC of the drier sets cut 200mm and 
600mm from the ends almost reached the EMC initially determined, as opposed to the sets cut closer 
to the ends with higher initial EMC that showed a reduction in average EMC. See Figure 8. 
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Figure 8. Average MC during conditioning in 23°C / 50% RH before and after dry mass measurement of 
the 50x150mm samples shown in Figure 5.  

Discussion 
The results show that thermal modification of 10mm thick cross sections led to higher EMC after 
treatment than treatment of longer cross sections or full length planks. Wood close to the surfaces 
and close to ends of the planks treated showed higher EMC than wood in the interior parts of the 
planks.  

No reports on similar influences of size during thermal treatment on resulting EMC have been found, 
but there are reports on other influences of size. Different influence of chemical reactions on 
temperature in the interior parts of 80x80mm wood blocks during treatment as compared of surface 
wood has been modelled and experimentally verified by (Trcala and Cermak, 2015). 

The reasons for the size effects found are not clear. The lower reduction in EMC of small samples as 
compared to large samples, close to surfaces as compared to interior, and close to ends of the planks 
can all indicate that drying of the material is linked to the differences in EMC. This is further supported 
by the lower EMC-gradient shown in the planks treated in saturated steam as compared to the planks 
treated in superheated steam, and by the smaller EMC gradient across the plank thickness close to the 
ends as compared to further in. This drying could then be evaporation of moisture or evaporation of 
volatile degrade products acting as catalysts for further chemical reactions, like acetic acid or formic 
acid. 

The evaluation of mass loss during treatment was based on calliper measurement in the four corners 
of each sample. The method cannot be expected to be very precise, but still it provided a clear result 
as the 10mm long samples showed greater mass loss than the longer samples. This is opposite to the 
reduction of EMC where small samples showed lesser EMC reduction than large samples. The result is 
in line with earlier reports by (Obataya, 2007) and can be seen as a clear indication that mass loss and 
reduction in EMC during heat treatment are caused by different processes.  
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If the reduction of EMC in the material is caused by hydrolysis, then the lower reduction for smaller 
samples and surface material can possibly be attributed to less moisture available as the surface 
material dries out faster. The larger samples and core parts remain moist for a longer period and also 
at higher temperatures. Since all moisture should be removed before the wood reaches the plateau 
temperature, then this would indicate that a significant share of the reduction in EMC occurs already 
during the drying phase and heating up rather than during the plateau phase.  

The greater reduction in EMC in the core of the wood could also be attributed to degrade products like 
acetic acid and formic acid acting like catalysts for hydrolysis. Since these acids are volatile, the 
concentration can be expected to be higher in the core of the planks as compared to closer to surfaces. 
Acid catalysts may also lead to formation of other volatile substances, such as furfural and furan 
(Fengel and Wegener, 2003). Such volatile substances could both influence the chemical reactions 
during treatment and influence the results when MC is determined by dry mass measurements if 
remaining in the wood after treatment.  

In this study small samples show higher internal temperatures as compared to larger samples during 
the first phases of the process when the temperature of the material is increasing, a clear indication 
of a drier material. These stages correspond to approximately 70% of the total process time, and still 
the higher temperatures do not lead to a greater reduction of the EMC of the material than in the 
larger samples. This could indicate that the moisture present or acid catalysts have greater influence 
on EMC than the temperature difference. The lower internal wood temperatures also clearly reflects 
that there is a moisture gradient during the initial stages of the industrial thermal modification process.  

Thermal modification in superheated steam requires that all moisture is removed from the wood prior 
to heating to the plateau temperature. The wood is then remoistened during the final stage of the 
process by steaming. The remoistening could in itself possibly influence measurements of MC after 
conditioning in two ways: by a hysteresis effect if the wood surface is moistened to a level much higher 
than the core material, or by reversing the initial EMC reduction as shown by (Obataya and Tomita, 
2002). Steaming could also possibly influence EMC by reducing internal stresses. Tests on Red oak have 
shown a size effect where smaller samples at the same time showed lower EMC and greater hysteresis 
effect as compared to larger samples, an effect attributed to internal stresses (Shmulsky et al., 2001). 

The test with extra dried and moistened samples shown in Figure 7 resulted in a difference in MC after 
conditioning of approximately 1.2%. The hysteresis effect is thus clearly less than the measured 
difference in EMC between small samples and full size planks. The observed reduction in EMC after re-
conditioning of the samples cut close to the ends as shown in Figure 8, a reduction not seen in the 
samples cut farther away from the ends, also indicates that the hysteresis effect is lower than the 
differences in EMC observed. This indicates that the hysteresis alone cannot explain the observed 
differences in EMC.  

Obataya and Tomita showed that the EMC reduction after thermal modification in air at lower 
temperatures could be reversed, but not when the wood had been treated at temperatures above 
140°C. The irreversible EMC reduction seemed linked to chemical changes in lignin (Obataya and 
Tomita, 2002). If the observed lower reduction in EMC in the smaller samples and close to wood 
surfaces would be caused by the re-moistening reversing parts of the EMC reduction, then the results 
of Obataya and Tomita would indicate that these EMC reductions had been achieved at relatively low 
temperatures in the early phases of the treatment. 
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The coefficient of variation of EMC increases during thermal modification. The average coefficient of 
variation of the samples in Table 1, Table 2, and Table 3 increases from 0.02 for untreated material to 
0.08 for heat treated material. The increase may reflect how wood quality influences EMC after 
thermal modification, where for instance samples cut close to the heartwood surface show slightly 
lower average MC after conditioning than samples cut close to the sapwood side as shown in Figure 4.  

Higher internal wood temperatures as compared to surrounding steam temperatures during the 
plateau phase indicate that exothermal reactions occur. The result confirms results earlier reported by 
(Johansson and Morén, 2006).  

Conclusions 
Equilibrium Moisture Content (EMC) of Scots pine after Thermal modification in superheated steam is 
strongly dependent on size of the material treated. Larger samples show a greater reduction of EMC 
than smaller samples. 

The EMC is reduced more in the interior of planks as compared to the wood close to the surfaces or 
close to the ends of the wood.  

Mass loss is higher in small samples than large samples.  

Resulting EMC after treatment is influenced by material properties in addition to the sample size. 

The observed differences in EMC are not explained. The results could indicate that the reduction of 
EMC is influenced by evaporation of moisture and volatile acids from the material. However, it cannot 
be excluded that the differences in EMC measured are influenced by the re-moistening of the wood 
late in the process, where hysteresis may affect final MC measured, or the steaming could lead to part 
of the EMC reduction being reversed. 

Earlier reported increase of internal wood temperature due to exothermal reactions has been 
confirmed. 
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Abstract 
Research on thermal modification of wood has mainly been conducted on small clearwood samples 
treated under laboratory conditions, or on wood analysed after industrial treatment of dimensional 
size lumber. It is neither known how the size of samples treated influences the results, nor how the 
size of the batch or kiln affects the process. This makes it difficult to utilize results from laboratory tests 
in development of industrial processes.   

The present study focus on the influence of both batch size and sample size during thermal 
modification of Scots pine wood. Kiln temperature and internal wood temperature during treatment 
are measured for samples treated in superheated steam and in air. Mass loss and EMC are determined 
for small clearwood samples and planks treated in laboratory and in industrial kilns. Changes in density 
are determined by X-ray Computer Tomography. Impact bending strength and EMC are determined 
for untreated and thermally treated samples, cut close to the surface and in the interior of planks 
treated industrially and in laboratory.  

The results show that mass loss and reduction in impact bending strength are influenced by both the 
size of the material treated and by the size of kiln. Small samples as well as material cut close to the 
ends of planks after treatment show higher rates of mass loss than corresponding larger samples and 
material taken from the interior of planks. Samples treated in laboratory show higher mass loss than 
corresponding samples treated industrially. Mass loss after treatment in air according to temperature 
schedules corresponding to industrial treatment led to higher mass loss than treatment in superheated 
steam. Reduction in EMC does not seem to be correlated to mass loss or reduction in impact bending 
strength.  

11 Introduction 
Thermal treatment of wood is commonly done to improve dimensional stability by reducing 
Equilibrium Moisture Content (EMC), improve resistance to decay, and achieve an attractive dark 
colour. The positive effects of thermal modification are to a certain extent achieved at the cost of 
degrading the material, leading to mass loss, reduced strength, and increased brittleness. Process 
optimisation requires a balance between improving the desired properties without causing too high 
degrade of the material.  

Thermal modification of wood involves a complex interaction of physical and chemical processes such 
as heating the material, removal of free and bound water and other volatiles during drying, shrinkage 
and swelling, degrade or modification of different components in the wood structure, secondary 
reactions catalysed by degrade products formed, and removal of volatile degrade products from the 
structure (Esteves and Perreira, 2009). Several of the processes involved are clearly dependent on size, 
size of the sample treated or size of the batch. Small clearwood samples will quickly adapt to the 
surrounding climate as distances required for heat or material flux are short, whilst dimensional 
lumber will react slower to changes in climate and internal volatile products will have to travel longer 
before they reach the wood surface. In addition to the influence of sample size, the size of the batch 
will influence the results. When a small volume of clearwood samples is treated in a laboratory kiln, 
the climate will be controlled mainly by the kiln, as opposed to industrial treatment of possibly 100 m3 
wood where the mass and volume of the wood will have a great influence on the climate (Källander, 
2010).  

The complexity of processes involved makes it difficult to transfer results from laboratory testing to 
industrial processes. The present study has been initiated to compare wood response during thermal 
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modification in laboratory and during industrial production, as well as to compare treatment of small 
clearwood samples with treatment of full size planks.  

A previous study has shown a strong influence of sample size during thermal modification on the 
resulting Equilibrium Moisture Content (EMC). Treatment of small samples resulted in lower reduction 
in EMC than treatment of full size planks, and EMC was reduced less close to the surface and ends of 
planks as compared to the interior of the wood (Källander, 2016). The present study focusses on the 
influence of sample size and kiln size during treatment on mass loss and impact bending strength after 
thermal modification.  

It can be expected that both size of samples treated and batch size influence the results of the process, 
but only a few studies have been published comparing the results after drying or thermal modification 
of full size planks and small specimens, or where results of laboratory treatment of wood has been 
compared to industrial processes (Kozlik, 1968; Obataya et al., 2006; Källander and Landel, 2007; 
Källander, 2010). It is of great practical importance to be able to transfer results from laboratory 
studies to industrial processes, both in order to speed up development and to reduce cost for testing.   

Numerous studies have been published on resulting wood properties after thermal modification of 
small clearwood samples in laboratories. Mass loss of small samples increase with temperature and 
time (Stamm, 1956; Rusche, 1973; Obataya et al., 2006; Phuong et al. 2007; Biziks et al., 2010). 
Reduction of EMC also show a close correlation to mass loss (Obataya et al., 2006), as well as strength 
loss (Stamm, 1956; Rusche, 1973). However, the correlation between reduction of EMC and mass loss 
was only seen at lower levels of mass loss in the study by (Obataya et al., 2006), and EMC reduction 
may also be partly reversed by steaming or boiling of the wood (Obataya et al., 2002). Obviously the 
atmosphere surrounding the wood influences the process. Mass loss is higher in presence of air 
(Stamm, 1956; Rusche, 1973) and degrade of the wood is faster in humid conditions as well as if the 
degrade products remain in the system (Stamm, 1956). Absorbed energy in impact bending strength 
is reduced more after treatment in air as compared to nitrogen (Kubojima et al., 2000). 

Studies on resulting material properties after high temperature drying or thermal modification of full 
size dimensional lumber in laboratory as well as industrially show a more complex picture. The 
evaporation of moisture limits internal wood temperatures during industrial treatment (Imbaud, 
2001).  

Influence of size is shown as reduction in impact bending strength after HT- drying for 48 h at 130 °C 
was higher in the core than closer to the surface of squared posts of dimension of 120x120 mm (Takeda 
and Nakashima, 2005). A similar pattern was seen for EMC which is reduced more in the interior of 
planks as compared to the surfaces, and it is reduced more in larger samples than smaller (Källander, 
2016). Since degrade during HT- drying will be dependent on both temperature and time, a more 
severe degradation caused by an increase in temperature can be balanced by the shorter drying times 
possible at higher temperatures (Frühwald, 2007).  

Reduction in impact bending strength during thermal modification of dimensional lumber varies 
greatly between different processes, test batches, and studies. Turkish fir boards treated according to 
the Thermowood© S process at 190 °C showed average reduction in impact bending strength of 10.5 
% while Black pine treated at 212 °C showed average reduction as high as 63.1 % (Kol, 2010). Scots 
pine boards treated according to the Thermowood process showed 37 % reduction in impact bending 
strength as compared to 68 % for Radiata pine treated according to the Platowood© process (Boonstra 
et al., 2007). Wood with knots showed greater reduction in impact bending strength than clear wood 
(Leijten, 2004).  
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Static bending tests of clearwood spruce and pine cut from boards treated according to Thermowood 
process with 3 h at maximum temperatures of 200 - 212 °C showed reduction in bending strength 
varying from 10 % to 32 % for pine and from 34 % to 49 % for spruce (Shi et al., 2007). Bending tests 
of 50x150 mm planks treated for 5 h at maximum temperature of 220 °C showed 50 % reduction for 
pine and 47 % for spruce (Bengtsson et al., 2002). The bending strength of industrially HT- dried Norway 
spruce planks is reduced 100 - 1000 times faster than the bending strength of small clearwood samples 
treated in laboratory at the same temperature (Källander and Bengtsson, 2004). The large difference 
is explained by the influence of local defects in the material, where tensile stresses perpendicular to 
grain around knots is governing strength rather than a general reduction in material properties 
(Bengtsson and Källander, 2001). The reduction in tensile strength perpendicular to grain can be 
attributed to degrade of the cell walls and middle lamellae between the wood cells. Different studies 
on sawdust, small samples, and boards have shown degrade in various parts of the cell walls; in the 
border between S1 and S2, (Fengel, 1966) and in the middle lamella (Gao et al., 2014).  

The more complex picture shown by studies where dimensional timber has been treated as compared 
to studies on small samples treated in laboratory motivated the present comparative study where 
paired material is treated industrially as well as in laboratory. 

2 Materials and methods 
Sawn timber of Scots pine (Pinus sylvestris) of dimensions 32x150 mm, 50x100 mm, and 50x150 mm 
were randomly selected after drying from industrial production at two sawmills in central Finland and 
central Sweden. The wood was cut into sets of paired samples prior to thermal treatment. 

2.1 Thermal modification 
The wood was thermally modified according to three different processes:  
1) In superheated steam together with industrial production according to the Thermowood© 
process. 2) In superheated steam in a laboratory kiln combined with a medical X-ray Computed 
Tomography scanner (CT-scanner) capable of measuring the internal density distribution of the wood 
during the process, see Figure 1. 
3) In air in a conventional drying cabinet.  

Superheated steam laboratory treatments were carried out in an autoclave  

 

the cylindrical 
laboratory kiln. The climate control unit is seen behind the CT-scanner. 
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With the exception of two tests conducted with short treatment times, the laboratory schedules were 
designed with set values for dry bulb and wet bulb temperatures copying industrial schedules with 
corresponding treatment times. Figure 2 shows five of the treatment schedules used.  

 
Figure 2. Examples of trend curves from treatments in the study. Longer laboratory schedules were 

designed to simulate industrial climates. 

2.2 Preparation of test samples prior to and after thermal treatment  
The dried planks selected for the study were cut into sets of paired samples. Figure 3a shows the 
cutting patterns for test samples prior to treatment.  

From each full length plank, two 1600 mm long or three 1250 mm long sections were cut to provide 
paired samples to study how the distance to the ends of the planks influence resulting properties after 
treatment, and to provide test material for evaluation of impact bending strength.  

Samples of 10 mm length, 50 mm length, and 100 mm length were cut between the longer samples to 
study influence of sample length during treatment, to determine initial MC and density, and to provide 
paired samples for comparison of laboratory and industrial treatment. Reference material to 
determine properties of untreated wood were 250 mm long. The ends of each plank were not used.  

Figures 3b and 3c show the cutting patterns for samples after treatment. Four 10 mm long cross 
sections were cut from the test planks at 0 mm, 50 mm, 100 mm, 200 mm, and close to 600 mm from 
the end to determine influence of distance to from the ends of the planks. Clearwood samples of 200 
mm length for impact bending tests were cut at a distance 350 mm to 590 mm from the plank end, 
depending on location of knots.    
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Figure 3. Cutting of samples prior and after heat treatment. Figure 1a: Preparation of paired samples 
prior to treatment. Figures 1b and 1c: Cutting of samples from treated material. 

2.3 Measurements on untreated wood thermally modified wood 
 The following measurements were made on the wood: 

1) EMC of untreated wood and treated wood was determined by dry weight measurements after 
conditioning 3 months in climate chamber at 23 °C / 50 % RH.  

2) Mass loss during treatment was determined on cross sections cut at different distance from the 
ends of the planks after treatment as well as on samples cut to different lengths before treatment. Dry 
weight and length were measured on full cross sections of untreated and heat treated paired samples. 
Length was measured in each corner of the samples with a calliper and average length determined. 
Mass loss during treatment was calculated as: 

    (untreated weight / untreated length - treated weight / treated length)  

ML (%) = 100 * ------------------------------------------------------------------------------------------------    

   (untreated weight / untreated length) 

3) Impact bending strength was determined according the principle of DIN 52 189, with test samples 
of approximate 10 mm x 10 mm cross section and 80 mm test span. Test samples were cut at the 
sapwood surface, at the pith surface, and in the core of the planks, as shown in Figure 3c. Two 
additional reference test samples were cut at the pith surface at the same distance to the pith as the 
sapwood and core samples to determine if reduction in strength was linked to different material 
properties at different distance to the pith. All samples were conditioned in climate 23 °C / 50 % RH 
prior to testing, and the broken samples were again conditioned before EMC was determined by dry 
weight measurement.  

3 Results and discussion 
3.1 Density 
Densities measured by CT- scanning during treatment showed no gradient in the density reduction of 
the material over the cross section. The density change in the core of the planks was approximately 
the same as density change close to the plank surface.  

Figure 4 shows the density profiles before and after thermal modification, and images showing the 
cupping of the plank after treatment. The density profiles are compared to density after the HT drying 
phase, when the wood was assumed to be the close to 0 % MC.  
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Figure 5 shows the average density difference profile along the plank thickness. The density profile 
before thermal treatment is clearly influenced by the MC which is different to the density profile after 
thermal treatment where no clear gradient is seen. The relatively constant density changes over the 
cross section from the end of the HT drying phase to the end of thermal treatment indicates that mass 
loss also is relatively constant. 

  

  
 4a) Before TM    4b) After TM 

Figure 4. Density difference over the planks cross section with respect to the density after HTD  

 

 

Figure 5: Density profiles across the plank thickness in correlation to the density after HT drying.  

3.2 Mass loss 
Treatment of short samples leads to greater mass loss than treatment of longer samples. Figure 6a 
shows the influence of sample length on mass loss after industrial thermal modification together with 
50x100 mm and 50x150 mm planks. Mass loss increased sharply when the sample length was reduced 
from 100 mm to 10 mm for both dimensions.  

A similar pattern is seen for mass loss as a function of the distance to the plank end; the wood close to 
the ends of the planks shows greater mass loss than the wood in the interior of the planks. Figure 6b 
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shows mass loss at different distance to the ends of industrially treated 50x150 mm planks. It can be 
observed that mass loss show a sharp increase from approximately 6 % to 8 % when the distance from 
the edge of the sample to the end of the plank was reduced from 100 mm to 0 mm. 

 

        

                6a. Influence of sample length  6b. Influence of distance to plank end 
Figure 6. Influence of sample length during treatment and distance from plank end on mass loss of 
50x100 mm and 50x150 mm planks treated industrially. 

The reasons for the higher mass loss in small samples and close to ends of the planks was not 
investigated in this study, but it could indicate that mass loss not primarily is linked to hydrolysis, as 
hydrolysis most likely will be more prominent in the interior of planks where the concentration of 
moisture as well as degrade products acting like catalysts would be higher than close to the surface.  

Treatment of 10 mm long samples in laboratory lead to greater mass loss than treatment of paired 10 
mm samples together with industrial production.  

The total process time does not seem to influence mass loss of the samples, with the exception of 
samples treated according to a very fast laboratory schedule that showed lower mass loss than paired 
samples treated in longer laboratory schedules simulating industrial treatment.  

Figure 7 shows the resulting mass loss of 10 mm long samples after laboratory treatment and industrial 
treatment with different total process times and 2-3 hours plateau at maximum temperature at 212°C.  
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Figure 7. Mass loss of 10 mm long samples treated in laboratory and industrial kilns for different total 
process times with 2-3 h at the plateau temperature 212 °C. Average mass loss +/- 1 standard deviation 
of 25 paired samples. Squares: 50x100 mm. Circles: 50x150 mm. Open markers: laboratory treatment. 
Closed markers: industrial treatment. 

Thermal treatment in air showed clear signs of exothermal reactions. The average internal wood 
temperature was 5.0°C higher than the temperature of the surrounding air during the last two hours 
of the plateau phase at 212 °C, and a distinct blue mist came out of the drying cabinet. Table 1 reports 
the same numeric values presented in Figure 7 compared with the mass loss after thermal modification 
in hot air. 

Table 1. Mass loss after industrial and laboratory treatment of 50x100 mm and 50x150 mm samples. 

Total 
process 
time 
(h) 

Industrial treatment 
in superheated steam

Laboratory treatment  
in superheated steam 

Laboratory treatment  
in air 

Average 
(%) 

St. 
dev. 
(%) 

 
(N) 

Average 
(%) 

St. 
dev. 
(%) 

 
(N) 

Average 
(%) 

St. dev. (%)  
(N) 

16 --1) --1) --1) 8.70 2.26 25 7,772) 3,732) 25 
51 9.67 2.30 26 12.33 2.37 27 14.482) 6.562) 25 
70 10.19 2.06 27 12.55 2.31 27 --1) --1) --1) 
90   9.342) 1.742) 25 --1) --1) --1) --1) --1) --1) 
93 --1) --1) --1) 13.61 1.65 4 --1) --1) --1) 
106 9.10 1.80 25 12.45 1.92 25 --1) --1) --1) 
110 9.10 1.82 25 --1) --1) --1) --1) --1) --1) 
120 --1) --1) --1) 13.87 1.87 27 --1) --1) --1) 

1) Not measured 
2) Shorter conditioning time prior to EMC measurement; 16h: 31 days, 51h: 18 days, 90h: 12 days.  

The higher mass loss after treatment in laboratory than after industrial treatment is a new and 
surprising result. Since the samples are paired, with similar size, and treated according to a similar 
treatment schedules, the resulting wood properties could be expected to be similar. One possibility is 
that the reversing of the fans in the industrial kilns has an influence as the samples would be subject 
to alternating climates, an effect not seen in the laboratory kiln. However, it is not immediately evident 
how an alternating climate would lead to reduced mass loss. 
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No link was found between mass loss and total treatment time, neither for laboratory treatment nor 
industrial. This may indicate that the mass loss is linked to maximal temperature rather than even long 
periods at lower temperatures. However, influence of maximum temperature was not included in the 
study, as all treatments were made with 2-3 h plateau at 212 °C temperature. 

Higher mass loss after treatment in air than in superheated steam was expected as the material will 
be influenced by oxidation and possible pyrolysis in addition to the processes present during treatment 
in superheated steam, but 16h treatments did not show significant differences in mass loss between 
treatment in air and treatment in superheated steam. However, pyrolysis seems to be confirmed from 
the 51 h treatment as blue smoke came out of the drying cabinet during the last two hours of the 
plateau phase at 212 °C temperature, and treatment in air showed significantly higher mass loss than 
both industrial and laboratory treatment in steam.  

The mass loss of 10 mm long samples treated in industrial production does not seem to be correlated 
to a proportional reduction of EMC, neither for industrial treatment nor laboratory treatment 
simulating industrial. Samples treated under laboratory conditions seem to show a correlation 
between mass loss and reduction of EMC, but the correlation is strongly depending of the 16 h 
treatment test that resulted in relatively low mass loss. Industrially treated samples do not show any 
correlation between mass loss and EMC reduction. The samples treated in air for 16 h and 51 h showed 
no significant difference in reduction in EMC, but a large difference in mass loss. Figure 8 shows the 
average mass loss and EMC reduction for 50x100 mm and 50x150 mm planks treated under industrial 
and laboratory conditions. 

 

Figure 8. Mass loss related to EMC reduction for samples treated at 10 mm length. Test batches 
reported in Table 1 for industrial and laboratory conditions.  

A similar result where mass loss and EMC reduction showed different patterns was found after 
prolonged treatment of Japanese cedar at 90 °C and 120 °C (Obataya et al., 2006). The different 
patterns can be seen as an indication that mass loss and reduction in EMC during thermal modification 
are caused by different processes. 

3.3 Impact bending strength  
Impact bending strength increased with increased distance from the pith for both untreated and heat 
treated material. Figure 9 shows average impact bending strength for untreated and heat treated 
samples from 32x150 mm, 50x100 mm, and 50x150 mm material.  
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Figure 9. Average impact bending strength of paired test samples cut from dimensions 32x150 mm, 
50x100 mm, and 50x150 mm.  

Average impact strength was reduced approximately 40 % during thermal modification, although the 
results showed a high range of variation. The reduction in impact bending strength during heat 
treatment is shown in Figure 10.  

 

Figure 10. Reduction in impact bending strength during industrial thermal modification of the samples 
shown in Figure 9. Average +/- 1 standard deviation. 

Boonstra and Tjeerdsma showed a 37 % lower impact bending strength of industrially treated 
Thermowood Scots pine as compared to untreated material (Boonstra and Tjeerdsma, 2006), a 
reduction similar to the ones in this study. However, reduction in impact bending strength after 
thermal treatment of softwood vary considerably between different tests. Boonstra and Tjeerdsma 
reported a 60 % reduction for Thermowood Norway spruce, and 68 % for Radiata pine treated 
according to the Platowood process in the same study (Boonstra and Tjeerdsma, 2006). Boruvka et al. 
reported a 34 % reduction after laboratory treatment of small samples of Douglas fir in superheated 
steam (Boruvka et al., 2015). Kubojima et al. even reported a small increase in impact bending strength 
after 2 h treatment at 165 °C in nitrogen (Kubojima et al., 2000). The differences in wood species, 
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sample sizes during treatment, treatment conditions, and test procedures makes it difficult to compare 
results between different studies. 

The average reduction in impact bending strength was higher close to the surface than in the interior 
of the wood for the 50 mm thick samples, but due to the large range of variation these differences 
were not statistically significant. The reduction in impact bending strength does not show a statistically 
significant difference between samples taken close to the surface and from the interior of the wood. 

The test results may possibly indicate an influence of the position in the tree on reduction in impact 
bending strength rather than an influence of the position in the plank cross section. Figure 11 shows 
the reduction in impact bending strength for the sapwood and core samples, and equivalent matched 
samples cut close to the heartwood surface at the same distance from the pith than the sapwood and 
core samples (see Figure 3-1.c). The relative reduction in impact bending strength was higher in the 
core samples as compared to the equivalent samples cut at the same distance from the pith in the 
heartwood surface. The sapwood samples and the equivalent samples cut in the heartwood surface 
did not show a significant difference, although the average was lower in samples cut form the 
heartwood surface. 

  

 

Figure 11. Comparison of strength reduction in samples cut at the same distance from the pith. 

The reduction in impact bending strength shows no significant difference between samples taken from 
the core of the planks and the samples taken close to the surfaces. The 50 mm thick planks show a 
slightly lower average reduction in the core of the planks, but the difference is small in comparison to 
the variation.  

3.4 Reduction of EMC  

The reduction of EMC measured on the impact bending test samples shows a different pattern than 
reduction of impact bending strength, with significantly higher reduction of EMC in the core of the 
planks as well as a linear correlation between average EMC reduction and cross section of the wood 
treated. Figure 12 shows the influence of position in the cross section of the planks on the reduction 
of impact bending strength and EMC after treatment. 
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 12a) Strength reduction                   12b) EMC reduction 

Figure 12. Reduction in impact bending strength and EMC reduction of the tested samples during 
thermal treatment. Average +/- 1 standard deviation.  

Table 2 summarizes the measured reduction in impact bending strength and EMC of the samples cut 
at the sapwood surface, the core, and the pith surface from 32x150 mm, 50x100 m and 50x150 mm 
planks.  

Table 2. Reduction in impact bending strength and EMC during thermal treatment of samples cut from 
sapwood surface, core, and pith surface locations. 

Dimension Impact bending strength reduction (%) EMC reduction |%| 
Sapwood Core Pith Sapwood Core Pith 

32x150 Average 33.7 34.5 47.9 3.06 5.63 3.67 
 St. dev. 17.6 18.7 16.8 0.44 0.44 0.38 
 (N) 19 19 19 22 22 22 
50x100 Average 44.4 33.7 44.3 3.14 5.99 3.82 
 St. dev. 17.2 21.7 15.0 0.50 0.31 0.50 
 (N) 17 17 17 24 24 24 
50x150 Average 41.0 34.3 37.2 5.60 6.53 6.13 
 St. dev. 7.6 9.2 9.7 0.28 0.21 0.34 
 (N) 24 24 24 24 25 23 

 

The result suggests different patterns between reduction in impact bending strength and reduction of 
EMC at different positions in the plank cross section. While reduction of impact bending strength is 
statistically independent of the location, EMC reduction is higher in wood in the core of the planks than 
in the wood close to the surfaces. The different patterns clearly indicate that mass loss and reduction 
of impact bending strength are governed by different process parameters or material properties than 
reduction of EMC.  

No correlation was found between mass loss during treatment and reduction in impact bending 
strength. Figure 13 shows the mass loss and reduction of impact bending strength for 16 measured 
50x100 mm and 18 measured 50x150 mm planks. 
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Figure 13. Average reduction in impact bending strength and mass loss after industrial treatment for 
the three samples cut from each plank. 

The 50x150 mm planks seemed to indicate that the reduction of impact bending strength is inversely 
proportional to the mass loss, but the relationship was weak (r2=0.32). For these experiments, the 
average reduction in impact bending strength was the average of 3 samples cut at the sapwood 
surface, core and pith surface and compared to the mass loss in cross sections cut from the same test 
planks at 600 mm from the ends. The results are in line with reduction in work to fracture after heat 
treatment, where great reductions were measured also at very low mass loss levels (Rusche, 1973).    

4 Conclusions 
Thermal treatment in a laboratory kiln has led to different results as compared to treatment in 
industrial kilns, even when the laboratory treatment schedule was designed to copy the industrial 
treatment schedule.  

The results of the study show a clear influence of sample size during treatment on resulting mass loss 
of the wood. Mass loss is higher for small clearwood samples than planks, and mass loss is higher close 
to the ends of planks than in the interior.  

As opposed to mass loss, reduction in EMC is lower close to the surface of the planks than in the 
interior. The lower EMC reduction close to surfaces is in line with earlier results which showed lower 
EMC reduction close to surfaces as well as in small samples than in planks.  

The results of the study have not shown any statistically significant correlation between mass loss and 
reduction in impact strength of the material.  

Influence of thermal treatment in superheated steam on mass loss and reduction of impact bending 
strength show principally different patterns than reduction of EMC. This indicates that the material 
properties are influenced by different physical or chemical processes. 

Thermal treatment in air showed clear signs of pyrolysis and led to significantly higher mass loss than 
both laboratory treatment and industrial treatment in superheated steam.  
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