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ABSTRACT 

The objective of the work presented in this thesis has been to relate the 
commercial output of the ThermoWood process to a defined, 
quantifiable, non-destructive measurable parameter − colour − and to 
show the feasibility of measurements of colour to be the essential feature 
of the internal and external quality-control system. Colour is the most 
evident property change in thermally-modified timber (TMT). It 
appears to describe the intensity of the process when working with the 
same treatment methodology and materials. The intensity of the colour 
is related to the temperature and time, but factors such as moisture, 
steam and pressure present on their own or in combination influence 
the final properties of the wood. There are several processes using these 
components as a method of modifying wood. In addition, processes 
using oil as a heating medium are included in this same modification 
category. Some of the methods are closely interrelated, with only subtle 
differences. Most of them have been patented, introduced and 
processed in Europe, but the market and potential of these methods is 
worldwide.  TMT is a new product, with a relatively short industrial 
history (approx. 25 years). During this time, huge technical 
improvements have been made. Processes that are computer-aided, 
remote-controlled, and containing recordable systems have replaced the 
other manual processes.  Building materials and technical features 
regarding air circulation, ventilation, heating and measuring technology 
with much better thermal endurance have been introduced. All these, 
combined with various wood species becoming commercially available, 
have contributed to the success of the technology. TMT is the dominant 
type of modified wood, although it constitutes only a fraction of treated 
wood being produced globally.  

The two thermal-modification processes, ThermoWood and 
WTT, have been compared. All the material used in these studies was 
industrially produced with typical dimensions. ThermoWood is the 
major part of TMT commercially produced in Europe. It is produced 
in two grades, Thermo-D and Thermo-S, where the D means 
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“durability” and S “stability”. Thermo-D products are mostly used in 
external applications and Thermo-S in internal applications and they are 
based mainly on wood species such as Norway spruce and Scots pine. 
Most ThermoWood producers have been certified since 2006. 
Producers in Finland, Iran, Latvia, Poland, Sweden, Turkey and Canada 
are now under continuous control. New treatment kilns have been 
supplied to several countries and more producers are expected to apply 
for membership and certification.  

Due to the continuous internal quality control in companies, supported 
by external auditing by certifiers, an extensive amount of data has been 
collected on colour measurements. Much of this data has been used in 
this study and a correlation between L*, a* and b* has been observed. 
The results of a few studies dealing with Norway spruce and Scots pine 
subjected to a dry process under superheated steam have indicated that 
colour might be a reliable quality control tool and the studies in this 
thesis have strengthened this hypothesis. 

Keywords: Thermally-modified timber, Thermo-S, Thermo-D, colour 
L*a*b*, Scots pine, Pinus sylvestris, Norway spruce, Picea abies, quality 
control 
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SAMMANFATTNING 

Syftet med detta doktorandarbete har varit att finna ett samband mellan 
genomförandet av den industriella processens ThermoWood för 
värmebehandlings av sågat virke och kulören hos det värmebehandlade 
virket, samt att visa på möjligheten att använda kulören som en väsentlig 
del av intern och extern kvalitetskontroll för denna process. Virkets 
kulör är en egenskap som förändras vid värmebehandling och kan kan 
användas som en indikator för processens intensitet, dvs. är som sådan 
ett tecken på repeterbarhet när man tillämpar samma behandlings-
process för ett och samma träslag. Processens intensitet är relaterad till 
temperatur och tid, men också fukttillstånd och tryck i 
behandlingskammaren och har en tydlig inverkan på virkets egenskaper 
efter modifieringen. Det finns flera olika typer av processer för 
värmebehandling av trä, t.ex. ThermoWood som använder ånga för 
värmeöverföring och skyddsmedium mot syre eller processer som 
använder olja för att uppnå motsvarande effekt. Vissa metoder är mycket 
likartade, medan andra har avsevärda skillnader vad avser processens 
uppbyggnad, vilket kan påverka hur virkets kulör utvecklas under 
behandlingen. Detta kan i sin tur innebära att om kulören är en utmärkt 
indikator för ThermoWood-processen, så behöver detta inte vara 
fallet för andra typer av värmebehandlingsprocesser. 

De flesta metoder för värmebehandling av sågat virke är patenterade och 
har introducerats på den Europeiska marknaden och potentialen för 
metoderna att bli mer globala är stor. Värmebehandlat virke är en ny 
produkt med en relativt kort historia (ca. 25 år). Sedan introduktionen 
har stora tekniska framsteg gjorts vad gäller automatisering av processen 
och förbättrat kvalitetsutfall. Material i själva behandlingskammaren och 
i komponenter för luftcirkulation, ventilation, värmeöverföring och 
processuppföljning har idag betydligt bättre värmetålighet än vad som 
var fallet då värmebehandling först introducerades. Dessa förbättringar, 
i kombination med att flera olika träslag har introducerats har möjliggjort 
framgång för tekniken. Värmebehandling är den vanligaste metoden för 
miljövänlig modifiering av trä, men trots detta utgör volymen 
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värmebehandlat trä endast en bråkdel av det fungicidbehandlade virke 
som produceras och säljs globalt. 

Värmebehandlingsprocesserna ThermoWood och WTT har 
studerats i de olika undersökningarna som presenteras i denna 
avhandling och det försöksmaterial som har använts var industriell 
producerat och av standarddimensioner. ThermoWood tillverkas i två 
kvalitetsklasser Thermo-D och Thermo-S, där D betyder 
"durability/hållbarhet" och S "stabilitet". Thermo-D används med fördel 
i applikationer utomhus och är framförallt baserad på träslagen gran och 
tall. De flesta tillverkare av ThermoWood har certifierats sedan 2006. 
Producenter i Finland, Iran, Kanada, Lettland, Polen, Sverige, och 
Turkiet är nu under kontinuerlig certifieringskontroll. Nya 
produktionsanläggningar har levererats till ytterligare länder och nya 
producenter förväntas ansöka om certifiering. Icke-förstörande 
mätningarna av träytans kulör har tillämpats som metod för 
kvalitetskontroll och omfattande kulördata från värmebehandlat virke 
har inhämtats. Denna data har använts för att korrelera 
kulörparametrarna L* och b* (CIELAB färgrymden) och process-
intensitet för ThermoWood och WTT. Resultaten från några 
tidigare genomförda studier med gran och tall som behandlats i en torr 
process med överhettad ånga har visat att kulör eventuellt kan vara en 
tillförlitlig parameter som är användbar vid kvalitetskontroll. Studier 
presenterade i denna avhandling har verifierat denna hypotes. 
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PREFACE 

The work described in this thesis started in 2009, when the author was 
employed by the Swedish University of Agricultural Sciences (SLU), but  
most of the practical work was found to be concentrated in the northern 
part of Sweden and, as a consequence, the author moved to the Luleå 
University of Technology (LTU).  The initial “kick” for further studies 
was due to professors Tom Morén (LTU) and Torbjörn Elowson (SLU) 
when the author was running a “BITWON” project in the Institute of 
Environmental Technology (YTI) at Mikkeli University of Applied 
Sciences (MUAS) (2004−2006). The project increased awareness of 
ThermoWood and partners from Sweden and Scotland participated. 
The years before this (1997−2003), the author worked at YTI on  
international TW® projects, and later (2006−2009) Inspecta 
Certification (now KIWA Inspecta).  

The doctoral studies began in an industrial thermally-modified timber 
(TMT) kiln in Arvidsjaur in Northern Sweden, where a thermal-
modification process, WTT, was applied.   

The work described in this thesis can be divided into two parts. The first 
part dealt with basic studies of different physical and chemical properties 
of wood treated under saturated steam but cooperation with the 
chamber supplier gradually decreased and finally stopped. As a 
consequence, these were several years’ delay in the studies and full 
attention was developed to running the company Finotrol. The second 
part of the thesis is devoted to the handling of L*a*b* colour data 
gathered from the quality control of the ThermoWood process. 

I have had the special honour of being a part of ThermoWood  
history. The facilities available at MUAS/YTI some 25 years ago and my 
first experience with the treated materials made a significant impression, 
indicating that this was a process to which I wished to give all my 
attention. I would not change any of those days, although long periods 
during the nights were involved.  I have been able to participate in several 
international industrial trials working with more than 50 wood species in 
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several countries. The most significant input was probably during the 
years 2001−2002 simulating a three-stage continuous ThermoWood  
process for the Lunawood company. Some setbacks have been faced 
and suspicious minds heard during these years. For example, some 
species could not be successfully thermally treated, and the material was 
more or less ruined. And doubts were raised regarding the ability of 
colour to be part of the quality control system, but I had a special 
database with appropriate documentation in my files and assumed that 
this would one day be utilised for the benefit of ThermoWood  
industry.       

Because of the prolonged study time, the author has worked with many 
persons during these years. The work describe in this thesis has been 
carried out at the Wood Science and Engineering department at Luleå 
University of Technology in the Skellefteå campus. The last responsible 
supervisors were Dennis Jones as principal supervisor, and Dick 
Sandberg and Olov Karlsson as assistant supervisors. Before this 
Torbjörn Elowson, Tom Morén and Diego Elustondo have been my 
supervisors. 

Many persons have helped and supported the progress of this work. The 
greatest thanks go naturally to Dennis Jones and Dick Sandberg who 
supported me in finishing this thesis. Without your encouraging input, I 
could not have taken this project to its goal. I was really got impressed 
when being supervised by Dennis and Dick. 

I owe special thanks to Torbjörn Elowson and Tom Morén. It has been 
my pleasure to know you both! Tom, I appreciate your knowledge and 
expertise and our discussions. Torbjörn, I never forget your hospitality 
and the time I spent together with you and your wife Ylva at Ekebo in 
Knivsta.  

Great thanks also to Olov, who has helped me with all the chemistry 
matters we have been doing together. This has opened my eyes to 
recognise the importance of chemistry when looking at the properties 
and differences of TMT.  

My last thanks to my supervisors, not least to Diego Elustondo . I really 
loved your impulsive way of working as a supervisor and the energy you 
gave me to concentrate. 
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Most of the first Publications were together with Ola Dagbro. I really 
enjoyed the time we spent together at treatment sites, laboratories, 
conferences and university. You finished your thesis much earlier than 
I did. Thanks, and congratulations Ola! 

I had the opportunity to meet a lot of people during this project, many 
of them at LTU in the Skellefteå campus. Thank you very much all of 
you.  

I also wish to express my thanks to all the public and private sector 
organisations in Sweden and EU which have financed and supported the 
work during these years.   

In the beginning of project, I also had the pleasure of getting familiarised 
with the companies and company representatives when starting a new 
plant at Arvidsjaur in Norrbotten. With all this experience, my partly 
owned company Finotrol has been encouraged to extend its certification 
services not only in Sweden but also abroad. 

I also appreciate the encouragement of my company colleague Kari 
Kuhmonen, pushing me forward and giving me the mental support to 
finish the studies. 

Another important partner to which I express my thanks is the whole 
ThermoWood industry. The company and association 
representatives have offered me full access to material and data needed 
and I hope this seamless cooperation with all of you will continue in the 
future. Special thanks to MetsäWood for the colour data provided and 
SWM-Wood Mikkeli for the ThermoWood material and supplied at 
my request.  

Finally extreme gratitude is expressed to my family; my wife Katri and 
our sons Antti, Eero and Ossi. Katri, you are the person who has made 
all this possible. You have believed in this and given me your support, 
even when the studies have not progressed as planned and when your 
husband has been absent doing his own things, studying, working, 
travelling and lately playing golf.   

Petteri Torniainen 

24 October 2021  
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1. INTRODUCTION 

In Scandinavia the number of naturally growing wood species is limited, and only a few of them 
are commercially utilised. The use of these species in different applications often depends on 
their local availability, price and suitability. That is why we are so familiar with Norway spruce, 
Scots pine and white birch, which represent more than 90% of the forest volume in Scandinavia.  
Wood has been used for a long time for heating, packaging, pulp, paper and as a commonly used 
building material, and newer uses for fuels and textiles have more recently also been developed. 
Typical building applications are frame constructions, wood-based panels, decking’s and 
claddings etc. Nevertheless, the sawing of round timber gives sawn timber with a considerable 
variability in quality. Usually, sawn timber is first kiln dried and subsequently graded into strength 
classes (C classes) according to the EN 338 standard (CEN 2016a). Appearance grading of Norway 
spruce and Scots pine is, in most cases, based on the Nordic timber grading rules − NTGR 
(Swedish Sawmill Managers Association 1994), the type, number, size and location of knots, 
deformation, fissures, wane and other visual features are evaluated when grading material for e.g. 
floorings, furniture, claddings and decking’s.  In addition to the well-defined grading rules used in 
the sawmill industry, traditions and experience determine the use of wood as a building material. 
History has shown the behaviour of wood when exposed untreated in various weather conditions. 

Globalisation and prosperity have opened the market for new building materials, and for new 
wood products. People are aware of the options available when choosing materials for building 
or decoration applications, and sustainability is now considered to be an important criterion. This 
means that aspects such as energy, environment, raw material, transportation and recycling are 
focused (Jones 2017) and carbon-neutral building has been introduced in the European Union 
(EU), particularly with the launch of the European Horizon 2020 Green Deal.  This research 
programme will help contribute towards the Vision and roadmap for European raw materials 
funded under the European Union’s Horizon 2020 research and innovation programme (grant 
agreement No. 690388), as well as the Innovation Roadmap 2050 – A Sustainable and 
Competitive Future for European Raw Materials. The implementation of these will help secure a 
sustainable and competitive supply of raw materials across Europe, boost the sector’s employment 
prospects and competitiveness, and contribute to addressing global challenges as well as the needs 
of the civil society. This has the potential to lead to a significant increase in the use of wood as a 
building material and carbon “sink” thinking can increase the understanding of the potential of 
wood also as a building material, not only as a standing forest.  

The EU has an ambitious aim to be climate neutral by 2050, which may lead to increased 
restrictions concerning materials made of fossil-based raw materials. As a consequence, materials 
based on wood and other bio-based materials combined with polymers are being developed and 
introduced. Even though there are great opportunities for new, more sustainable building 
material, the products made of non-renewable and energy-intensive materials are not willingly 
giving up their market position, so that rapid or significant changes are not expected. Preservative-
treated pine is dominating the retail market but the availability of profiled, anti-slip, brown decking 
boards has increased, and products such as thermally-modified timber (TMT), wood-plastic 
composites (WPC) and chemically-modified radiata pine (Accoya) are becoming available. 
Traditional preservative-treated timber is the cheapest and most common modified wood product 
for outdoor use. The prices of these products vary, but typical 2020-prices are shown in Table 1. 
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Table 1. Examples of some wood and wood-based products. 

Product Typical price, per m2 (2020 estimate, €) 
Preservative-treated pine 13 

Thermally-modified timber (TMT) 36 
Wood-plastic composites (WPC) 50 

Chemically-modified radiata pine (Accoya) 145 

 

Wood modification embraces many innovative processes currently being adopted in the wood 
protection sector, although their fundamental influence on product performance, the environment, 
and end-of-life scenarios remain relatively unknown (Sandberg et al. 2021). The modification of wood 
by heat without chemical additives and with a limited supply of oxygen to prevent oxidative 
combustion, i.e. thermal modification, is probably the most successful (Jones et al. 2019). 

According to CEN (2008), TMT is wood in which the composition of the cell-wall material and its 
physical properties are modified by exposure to a temperature higher than 160°C and to conditions of 
decreased oxygen availability. The wood is altered so that at least some of the wood properties are 
permanently affected. This product is sometimes related to heat-treated wood, but the term thermal 
modification is preferable to distinguish it from heat sterilisation at a lower temperature (≈55°C) to kill 
pests in solid wood materials and prevent their transfer between continents and regions. TMT is 
characterised by the wood species, grading, its manufacturer, procedures and stages of treatment and 
it has a specific property profile.  

Research into thermal modification goes back to the 1940s but commercial breakthrough did not 
occur until the 1990s (Navi and Sandberg 2012, Sandberg et al. 2021). Several thermal-modification 
processes were developed in parallel and ThermoWood® (TW®) is now the most frequently used 
process based on production volume. The process was developed in Finland and has now spread 
worldwide. The Internal ThermoWood Association (ITWA), founded to promote the use of the 
process, provided a technical solution combined with a branding organisation and a third-party 
certification system, and it thus created a platform for both joint marketing and joint research and 
development. The quality control routines for TMT processed according to the TW® method have 
been important for the success of the method. The development of robust quality-control methods 
that are applicable in the industry has been an important part of this work. 

The activities of ITWA in focussing on quality-control measures reflects that already undertaken in 
the sawn-timber sector in Scandinavia by the Nordic Wood Preservation Council (NWPC). The 
NWPC was founded in 1969 and is better known through its quality brand NTR (Nordiska 
Träskyddsrådet), used for the classification and quality control of preservative-treated sawn timber. 
The council has several tasks: 

• develop and maintain the NTR quality system, including the NTR documents and guidelines, 
• administer, maintain and support a coordinated implementation of the control system 

including the approval of wood preservatives for industrial wood preservation, 
• appoint quality control bodies for third party control of producers, 
• appoint industrial independent directors to the Technical Group of NWPC,  
• support and promote development of wood protection products and technical processes 

including field tests and test methods, and 
• provide information and cooperation. 
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The members of the association have the right to mark their products with the NTR mark. The 
quality is third-party controlled and is one of the best-known systems in the field in Europe. Five 
different protection classes have been introduced: M, A, AB, B and A-pole, the two main 
treatment classes being NTR A and NTR AB. Wood classified as NTR A is suitable for 
applications in permanent contact with soil and water and that classified as NTR AB is suitable 
for applications above ground. NTR production is based mainly on Scots pine, but Norway spruce 
and modified wood have recently also been classified by NTR, using classes NTR Spruce and 
NTR Mod (modified wood). Treated packages shall be marked and labelled with the quality class 
logos shown in Figure 1. The control of classes is based on the product requirements for 
preservative-treated pine (Pinus spp) and other permeable softwoods according to the EN 350 
standard (CEN 2016b). The wood-protection classes refer only to protection against biological 
deterioration. All other requirements such as wood quality, machining before treatment and 
moisture content on delivery must be specified separately. The preservatives in the EU are 
controlled under the Biological Products Regulation (BPR), and the maximum retention level set 
for each wood preservative is decided nationally by the environmental authorities. All the 
preservatives are approved by the NWPC and the list of the currently approved wood 
preservatives are available on the NWPC website. Retention levels are decided by the NWPC 
Technical group. 

 

 

Figure 1. NTR logo and some quality class labels. 

The producers who want to treat according to NTR requirements must be affiliated to a third-
party quality control scheme. Quality control bodies are controlling producers typically twice a 
year. A sufficient personal expertise and accreditation according to EN ISO/IEC 17065 (CEN 
2012) is required. The list of approved producers and quality control bodies are published in 
NWPC website. Controlling is based on the documents created and approved by the NWPC, 
specifically Document 1 (“Nordic wood protection classes and product requirements for 
industrially protected wood”) and Document 3 (“Nordic requirements for quality control of 
industrially protected wood”). 

The present system for the quality control of preservative-treated sawn timber in Scandinavia was 
launched approx. 50 years ago and it is estimated that more than 90% of the impregnated timber 
used in the Nordic countries is produced according to NTR requirements. The success of 
preservative-treated timber (NTR) in Scandinavia is due to the NWPC council and their work on 
promotion, research and quality control.  

The production and sale of preservative-treated sawn timber in Finland in 2020 was 342 090 m3, 
81% (278 240 m3) of which was in the classes NTR AB and NTR A classes. Sales of NTR A-poles 
(74%) and sleepers (26%) was 63 850 m3. 72% of the poles and sleepers were creosote-treated.  At 
the same time, the TW® production of members was 237 000 m3, but the domestic use was only 
14 000 m3 (5%). The consumption of preservative-treated timber in Finland is thus more than 20 
times greater than that of TW and the difference is even greater in typical applications such as 
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decking’s, because a large part of the TW products are used in panelling and cladding/façade 
applications.   

The chemicals used for timber-preservative impregnation in EU have changed during the last two 
decades. The protective influence was, for years, based mainly on the presence of copper, arsenic 
and chromium, but these have fully or partially replaced, and the approval of additives used as 
fungicides has expired while new candidates are under assessment. The use of creosote is under 
scrutiny, but it will remain in use until a new chemical with a sufficiently durable performance is 
available at a reasonable cost. The draft proposal for a ban was introduced in June 2019 and 23 
EU member States voted in favour of the proposal. France became the first country to restrict the 
use of creosote to the treatment of sleepers and introduced a draft ban on the import of creosote-
treated timber. The main purpose of these changes is to reduce the use of environmentally 
hazardous chemicals, and, as a result, chemical suppliers have introduced new more 
environmentally friendly or less hazardous products which will soon be appearing on the industrial 
market. This means that new retentions for treatment classes shall be evaluated and approved. 
From a certification and quality control point of view the principles will remain mainly the same. 

The ITWA has a much shorter history than NWPC, but the objective of the association is the 
same as that of NWPC, to promote and develop industrially modified TW. It is the coordinator 
of quality control and member organisations work together, promote and issue support for 
scientific approach and research, but due to the nature of the modification, there are no associated 
chemicals necessitating evaluation and control. 

In the wood research presented in this doctoral thesis, the colour changes in thermally-modified 
timber (TMT) were studied with the aim of using colour for the quality control of the thermal-
modification process. 
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2. AIM, OBJECTIVE AND RESEARCH QUESTIONS 

2.1 Aim 
Based on a thorough analysis of the current state of knowledge and data collected during the last 
two decades in the field of thermal modification, the aim of this work has been to strengthen 
industrial production and use of thermally-modified TW® timber through colour measurement 
immediately after treatment, thus establishing a practical, non-destructive industrial method for 
assessing the consistency of the TW® process. 

2.2 Objective 
The objective has been to relate the commercial output of the TW® process to a defined, 
quantifiable, non-destructive measurable parameter − colour, and to show the feasibility of these 
measurements as an essential feature of the internal and external quality-control system.  

This thesis brings up questions and views regarding variations around this matter and trying to 
approach all these topics with a practical, experimental manner, supported with comprehensive 
data. This thesis is creating a touchable tool between the industrial manufacturers and customers, 
increasing the common understanding about process repeatability and product conformity.     

2.3 Research questions 
This study has sought answers to the following questions: 

1 What is the importance of different parts of TW® process? What are the critical parts 
concerning colour formation? What are the chemical changes like? What is the “right 
method” to measure the colour? 

2 What are the main parts of the TW® process and how they are achieved? What is the main 
difference between commercial TMT methodologies?  

3 How do softwoods and hardwoods behave when exposed to the TW® process? Can Norway 
spruce and Scots pine be handled as a single species in quality control?  

4 Is colour a sufficient parameter to define the intensity of treatment of the TW® process? Do 
the treatment classes Thermo-D and Thermo-S differ sufficiently when considering the 
parameters L*a*b*?  

5 What is the importance of external quality control and certification? The case will be defined 
for TW®. 

These questions are more clearly shown in Figure 2:  
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Figure 2. Research questions within this project. 

2.4 Limitations 
Due to the large number of variations regarding TMT technology, process parameters and wood 
species, the thesis has the following limitations:  

− The processes and properties of wood treated by the TW® process were the main focus, 
but TW® and WTT processes were compared to show the influence of these processes 
on wood properties. The WTT process v.1.0 was applied. Later versions were not 
considered. 

− TW® classes, Thermo-D (212±3°C) and Thermo-S (190±3°C), were applied with an 
intensive treatment time of 120−180 minutes for softwoods. Treatments under other 
conditions were not considered. Thermo-S (185±3°C) was applied for hardwoods. 

− The study was restricted to Norway spruce, Scots pine and silver birch grown in North 
and North-eastern Europe (NNE). 

− Internal and external quality control colour data were gathered and analysed. The same 
measuring principles has been used throughout, but some differences are likely to take 
place to experience of staff. 

2.5 Summary of the appended publications 

Two different single-step thermal-modification technologies were studied; TW® and WTT 
version 1.0. The initial plan was to obtain additional knowledge regarding the new WTT 
treatment technology purchased in Sweden. Several regional companies working in wood 
businesses participated financially in the project and ran the process together with regional 
representatives. The technical part of the process was initially provided by the WTT kiln 
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supplier, but the Luleå University of Technology (LTU) also provided expertise. LTU played a 
significant role regarding the treatment schemes applied and subsequently modified. All the 
material referred to in these publications was industrially produced using full, normal size and 
typical quality sawn timber from Scandinavian sources. Both WTT® and TW® were applied to 
produce material for the first basic strength tests shown in the Publication VI. The colour 
measurement of TMT is reported in Publications I, III, IV, V and VI, and mechanical and 
chemical properties of TMT are reported in Publications II and VI. 

Publication I  

The purpose of this study was to show the influence of different treatment atmospheres on wood 
colour. The TMT was produced in a typical kiln-drying chamber using superheated steam and in 
an autoclave cylinder using pressurised steam with Norway spruce (Picea abies L.) and Scots pine 
(Pinus sylvestris L.). Treatments in the autoclave were carried out at wood temperatures of 160°C, 
170°C and 180°C. Wood temperatures of 190°C (Thermo-S) and 212°C (Thermo-D) were used 
in treatments using superheated steam.  

The main findings were that wood treated under pressurised steam showed more significant 
colour changes than wood treated using superheated steam. Norway spruce and Scots pine treated 
under superheated steam showed similar L*-values but in pressurised steam Scots pine darkened 
much more than Norway spruce. 

Publication II 

The purpose of this study was to study the chemical composition of sawn timber treated with 
superheated steam (TW®) and pressurised steam (WTT), and the relation to the colour 
changes is reported in the Publication I.  Norway spruce, Scots pine and silver birch were 
thermally modified under saturated steam conditions (WTT, pressurised 160°C and 170°C) 
and superheated steam conditions (TW® 170°C, 185°C, and 212°C) and water-soluble 5-
(hydroxymethyl)furfural (HMF), furfural, and carbohydrates in heat-treated wood were analysed.  

The higher initial moisture content of the timber treated under saturated steam leads to the 
formation of furfurals and soluble carbohydrates. The need to reduce the amount of degradation 
products and soluble carbohydrates was expressed. 

 

Publication III  

The purpose of this study was to evaluate the suitability of measuring colour to determine the 
treatment intensity taking into account the material properties measured and the method applied. 
The colour was determined using the CIELAB L*a*b* colour space and the relationship between 
lightness (L*) and the colour parameters (a*) and (b*) was investigated for the TW® process at 
190°C and 212°C.  

The main finding were that colour change in thermally modified Norway spruce and Scots pine 
is measurable and suitable as a quality control parameter. Linear relationships were found 
between L* and b* in Thermo-D and L* and a* in Thermo-S.   

Publication IV 

The purpose of this study was to study the structure, colour and mechanical properties of TW®-
treated  Norway spruce and Scots pine, and the correlation between them. Fourier transform 
infrared (FT-IR) spectroscopy and principal component analysis (PCA), colour measurements, 
hardness and bending strength were applied.  
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The principal component analysis (PCA) showed a direct relationship between the spectroscopic 
studies and the colour data, suggesting that FT-IR also had a potential in quality control. Except 
for a slightly higher modulus of rupture (MOR) in Thermo-D pine, there were no real difference 
between Thermo-D and Thermo-S, when using mechanical properties and principal components 
(PC) scores. A combination of infra-red spectroscopy, colour measurement, and mechanical tests 
can give valuable information and contribute to a greater understanding of quality control.   

Publication V 

The purpose of this study was to summaraise industrial colour-measurement data for use in quality 
control.  This publication provided evidence of the consistency of colour measurements from 
several industrial TW® producers over the period from 2007 to 2018. The colour data depended 
on e.g. timber thickness, the method of measuring temperature and the kiln unit size.  

The study suggested that in L* values provided a more robust control than the b* values, but that 
combining the two colour parameters adds greater confidence in quality control. It also confirmed 
that Norway spruce and Scots pine can be judged as one species. 

Publication VI  

The purpose of this study was to investigate the properties of thermally modified silver birch 
processed in saturated steam under pressure (WTT) at 160°C and in superheated steam under 
atmospheric pressure (TW®) at 185°C. The colour, equilibrium moisture content (EMC), 
dimensional stability and acidity were determined. 

The main findings were that birch treated under pressurised steam darkened more than wood 
treated at a 25°C lower temperature under superheated steam. Both thermal treatments led to a 
decrease in pH, but saturated steam led to more acidic conditions than superheated steam. 
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3. THE EVOLUTION OF THE THERMOWOOD PROCESS 

3.1 The need for protection 
An essential feature of wood modification is that it involves the alteration of the properties of 
wood by intervening at the cell-wall level (Hill 2011). Three methods used commercially are 
chemical, thermal and impregnation modification. Many wood species are naturally suitable for 
their purposes, but others must be protected or modified, particularly when they are exposed to 
weathering, permanent soil and water contact or applications where high fire resistance is 
required. Visual changes such as colour can be prevented with surface treatment, but preservation 
or modification is usually needed. The consequences may be severe when fungi (basidiomycete 
and soft-rot), beetles, termites or marine organisms are involved. Preservation impregnation is the 
most frequent method used today. According to standard EN 350 (CEN 2016b), wood species 
are:   

  1   easily treated,  

  2   moderately easy to treat, 

  3   difficult to treat, and  

  4   extremely difficult to treat.    

Most of these wood species have discernibly separate heartwood and sapwood. Sapwood is often 
classified to Class 1 or 2, but heartwood to Class 3 or 4. Penetration differences are probably 
when both heartwood and sapwood are present in the sawn timber (Figure 3). Sapwood is usually 
fully penetrated, but heartwood to only a few millimetres. In contrast, thermal treatment modifies 
the whole volume of the sawn timber and it is difficult to distinguish heartwood and sapwood 
regions (Figure 4). The durability properties are more equal, even though significant differences 
in water absorption have been reported between the heartwood and sapwood of Norway spruce 
and Scots pine in floating tests (Metsä-Kortelainen et al. 2006). A high moisture content increases 
the overall risk of decay.  

 

Figure 3. A cross-section view of a Scots pine board with impregnated sapwood (dark) and untreated 
heartwood zone (light). 
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Figure 4. A cross-section of a Scots pine board after TW® Thermo-D treatment. 

The biological durability of a wood or wood-based materials of different species to various wood 
destroying organisms (e.g. fungal attack) is tested using methods described in relevant European 
standards. The use of replicate specimens is a requirement in all test methods. However, the 
results can still not be expected to take into account the full range of variation of properties within 
a species. The durability is usually assessed according to the following five-grade classes (Table 2) 
as specified in CEN/TS 15083-1 (CEN 2005a) and CEN/TS 15083-2 (CEN 2005b) respectively. 

Table 2. Durability rating scale, according to CEN/TS 15083-1 and CEN 15083-2. 

Durability 
class 

Description % loss in mass   
(CEN/TS 15083-1) 

x-value* 
(CEN/TS 15083-2) 

D1 
D2 
D3 
D4 
D5 

Very durable 
Durable 

Moderately durable 
Slightly durable 

Not durable 

≤5 
>5 to ≤10 

>10 to ≤15 
>15 to ≤30 

>30 

≤0.10 
>0.10 to ≤0.20 
>0.20 to ≤0.45 
>0.45 to ≤0.80 

>0.80 
 * For hardwoods the x values are calculated with the following equation: 

 x = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑣𝑣𝑚𝑚𝑣𝑣𝑣𝑣𝑚𝑚 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑣𝑣𝑜𝑜𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑓𝑓 𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚𝑓𝑓 𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡 𝑚𝑚𝑝𝑝𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑣𝑣𝑚𝑚𝑣𝑣𝑣𝑣𝑚𝑚 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑣𝑣𝑜𝑜𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑓𝑓 𝑓𝑓𝑚𝑚𝑜𝑜𝑚𝑚𝑓𝑓𝑚𝑚𝑚𝑚𝑒𝑒𝑚𝑚 𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚𝑓𝑓 𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡 𝑚𝑚𝑝𝑝𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 

For softwoods, use losses of modulus of elasticity (MOE). 

  

3.2 The development of wood modification 
The modern timber preservation industry can be traced back to the late 1830s, when Bethell 
developed a method for the pressure impregnation of timber (Hill 2006). The process applied 
both vacuum and pressure conditions, enabling the rapid absorption of treatment solution into 
the wood. It is still the dominating preservation method in the industry. Most of the timber was 
then treated with CCA (chrome, copper, arsenic), but products with more than 40 years’ life 
expectance were treated with creosote. Creosoting is still applied and processed in a pressurised 
cylinder, using a treatment method developed by Rüping. Both copper and creosote still have a 
significant role as a protector, because there are no other products available with reasonable price 
and durability properties yet. Treatment choices are changing, particularly in the EU, because of 
restrictions regarding toxic substances. CCA has been almost fully replaced with alkaline copper 
quaternary (ACQ), copper triazole or other water-borne products, and it is expected that the use 
of creosote will be banned in the near future. As a consequence, new alternatives, less 
environmentally hazardous substances are being introduced and used. This has opened the way 
for other modification methods which have increased their position on the market. Products 
treated with these new chemicals or methods are mainly focused on decking and cladding 
applications, not long-term soil, water or sea water contact.  
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As indicated by Sandberg et al. (2021), wood modification is an all-encompassing term describing 
the application of chemical, mechanical, physical, or biological methods to alter the properties of 
the material. In its simplest form this definition of wood modification includes almost everything 
that happens to the wood after it has left the forest. In order to better classify wood modification, 
Hill (2006) provided a definition that is now widely accepted: “Wood modification involves the 
action of a chemical, biological or physical agent upon the material, resulting in a desired property 
enhancement during the service life of the modified wood. The modified wood should itself be 
non-toxic under service conditions, and furthermore, there should be no release of any toxic 
substances during service, or at end of life, following disposal or recycling of the modified wood. 
If the modification is intended for improved resistance to biological attack, then the mode of 
action should be non-biocidal”. 

There are two forms of modification:  active modification, which changes the chemical nature of 
the material, and passive modification, in which the properties are changed without any alteration 
in the chemistry of the material. Most active modification methods involve a chemical reaction 
with cell-wall hydroxyl groups. These hydroxyl groups play a key role in wood-water interactions 
while simultaneously being the most reactive sites. In moist wood, the water molecules settle 
between the wood polymers, forming hydrogen bonds between the hydroxyl groups and 
individual water molecules. A change in the number of these water molecules results in shrinkage 
or swelling of the wood and all types of wood treatment affect the wood-water interaction 
mechanism. In a recent publication (Sandberg et al. 2021), wood modification methods were 
divided into four general areas, as shown in Figure 5. 

 

 

Figure 5. Categorisation of wood-modification methods (Sandberg et al. 2021). 
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3.3 Thermal modification in general 
Research into thermal wood treatment began early in the 20th Century. For example, work in the 
1920’s included that of Tiemann, in the 1930’s by Stamm and Hansen, in the 1940’s by Seborg 
et al., in the 1950’s by Bavendam, Runkel and Buro, in the 1960’s by Kollmann and Schneider 
and in the 1970’s by Rusche and Burmester; all of whom reported chemical changes in thermally-
modified wood and the consequences for material properties (see e.g. Navi and Sandberg 2012, 
Sandberg et al. 2021). The idea behind thermal modification is to alter the internal chemical 
composition of the material without using any chemicals and to remove active sites (Jones 2017). 
Most of the studies deal with the basic research regarding chemical changes of hemicellulose, 
cellulose, lignin and some smaller extractable compounds. The consequences of chemical 
changes are related to the changes of wood properties. Thermal modification is a general abstract 
from the method used causing the chemical and physical changes. The changes in wood 
characteristics take place according to a time-temperature-moisture-oxygen relationship. Chemical 
changes are reported to take place at a lower temperature in wet processes than in dry processes 
(Publication II). 

Thermal-modification processes are reported to occur in 1, 2 or even 3 stages, but most thermal 
treatments employ only one or two stages. Organic compounds are extracted during drying and 
thermal treatment in the liquid waste steam. Most processes are run at a temperature range 
between 180°C and 240°C (Welzbacher and Rapp 2007). Part of the extractives are removed 
together with wastewater and gaseous compounds are treated in a scrubber system or gas burner. 
In order to prevent oxidative combustion of the material, thermal modifications are undertaken 
in an inert gas such as nitrogen, in vacuo or in steam (Jones 2017).  

Thermal-modification processes are mostly patented by the European companies. Outside 
Europe, research has not been as focused on development of industrial processes for thermal 
modification for improved wood properties. North America has recently shown a growing interest 
in both the product and the process. These include the Perdure process in Canada and the TW® 
processes Westwood for hardwoods and PureWood for softwoods (Sandberg and Kutnar 2016). 
Table 3 presents a list of some of the better-known thermal-modification processes available 
globally. 

There might be some other commercial names with these thermo-modification methods, but 
these have not been mentioned herein. Overall, it can be said that modification in closed and wet 
processes require lower temperatures and shorter process times. Modifications in a closed system 
under high pressure affect the chemical structure of the wood more than modifications in an open 
system (Publication I). Norway spruce and Scots pine treated under saturated steam conditions 
(170°C) results in larger formation of furfurals and soluble carbohydrates than treatment under 
superheated steam even though the treatment temperature at saturated steam conditions was 
about 40°C lower than at superheated steam conditions. Scots pine treated at 212°C in 
superheated steam and 160°C treatment in pressurised steam indicated equal colour L*-values 
50.1 and 51.6 respectively. Similar observations were reported by Meija-Feldmane et al. (2020) 
when they treated birch veneers in wet conditions (WTT process) and dry conditions 
(Termovuoto process). It also affected the mechanical properties, as they were strongly correlated 
to the variations of xyloses, cellulose degree of polymerisation, lignin content and total phenols 
(Wentzel et al. 2018). This was related to the tendency of the wood to be more brittle in those 
modifications. When using dry processes, TW® and Termovuoto processes it is reported to 
result in similar products, only with some differences in the appearance (Jebrane et al. 2018). 
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Table 3. Examples of thermal-modification processes. MC – moisture content. 

Process Description 
PLATO 

(Proving Lasting 
Advanced Timber 

Option, Plato®Wood), 
Netherlands 

Industrial material commercially produced since 2001. 
Two effective heat treatment stages with four or five distinct process stages, 
depending on the initial moisture of the wood. Green or pre-dried (14–18% MC) 
wood is exposed to hydrothermal treatment at 150–190°C in an aqueous 
environment at super atmospheric pressure (saturated steam), followed by 
conventional drying to moisture content ca. 10%. The second thermal 
modification, called “curing” is done under dry atmospheric conditions at 150–
190°C. Above 110°C, superheated steam or nitrogen is added as sheltering gas 
to exclude oxygen and to prevent oxidation (Militz and Tjeerdsma 2001, 
Boonstra 2008). 

Retification  
(Retified wood, New 

Option Wood, 
RETITECH), France 

The process was developed by Ecole des Mines de Saint-Etienne. It involves 
slowly heating pre-dried wood of around 12% MC to 210−240°C, under an inert 
nitrogen atmosphere, with the residual content of oxygen lower than two percent 
(Vernois 2001). 

Le Bois Perdure, 
France and Canada 

Developed by French holding BCI-MBS. It is a one-step process that allows the 
use of green wood. Wood is first dried and then heated to 210−230°C in an 
atmosphere of saturated water vapour generated by the moisture remaining in 
the wood. In both cases (also retification) there is a compromise between 
durability and mechanical properties. Heat treatment shall be adjusted in terms 
of the rate of heating, duration of treatment and maximum temperature are 
adjusted according to the planned use (Vernois 2001). 

Termovuoto, Italy This is a dry process in an open system (Hill 2006) in a partial vacuum, where 
heating is provided by forced convection (Allegretti et al. 2012). The timber is 
first dried in air at 100°C until the moisture content reaches 0%, after which 
thermal modification is achieved in the same chamber by increasing the 
temperature from 160 to 220°C. 

WTT v.1.0 
(Wood Treatment 

Technology), Denmark  

A single-step process, following the principles introduced by Burmester (1973), 
the WTT treatment being carried out in a pressurised autoclave cylinder (closed 
process) on wood dried to MC 8–12% prior to the treatment. In the first versions 
ventilators were not used, but later versions are equipped with the fan. Steam is 
generated by water fed into the tube and heated inside the cylinder. Part of the 
water evaporated from the wood is removed during the process. The thermal 
process reaches its full performance at 160–180°C, under pressure of 7−10 bar 
(Publication I). 
WTT has also introduced a method where wood is treated in linseed oil. As a 
consequence, a moisture content of 14–16% and 1−2 mm penetration of oil is 
achieved. 

FirmoLin®, Netherlands Kiln-dried timber (10−14% MC) is treated in a pressurised autoclave heated with 
oil in a jacket around the vessel where the water vapour is circulated inside the 
vessel by a fan. Unsaturated pressurised steam is used to elevate the pressure 
to 4.5−8 bar and the treatment temperature is usually from 160−180°C (Willems 
2014, Willems and Altgen 2020). 

Moldrup-SSP, Denmark A process very similar to FirmoLin. 
Vacu3 (Timura), 

Germany 
A high vacuum (~85%) dewatering method, using heating plates to achieve an 
efficient heat transfer to the sawn timber. Due to the high vacuum used, by-
products condense on the wall of the dryer and are taken out of the system. 
Pressure is also applied, with typical temperatures of 190−210°C.  

Oil Heat Treatment 
(OHT, Menz Holz, 
Pannaq), Germany 

The wood is thermally modified in a crude vegetable oil, such as rapeseed, 
linseed or sunflower oil without any particular pressure. Typical treatment 
temperatures are between 180 and 220°C (Rapp and Sailer 2000). 

Westwood 
(WelldoneWood, 
PureWood), USA 

This is a single-step process applying the ThermoWood® concept but presented 
mainly for hardwoods in a kiln (open system) using superheated steam as an 
atmospheric barrier. 
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3.4 Introduction to the ThermoWood process 
The TW® process is usually applied in a typical kiln-drying chamber having a volume of 10 to 
100 m3 (Figure 6), and being equipped with heating registers, fans, steaming, cooling water systems 
and ventilation dampers. Fans are usually run bidirectional using frequency converters. This is 
crucial in the kilns which have long “blowing distance” through the load. Sensors measure the 
wood, air and pressure. Heat is mostly generated with hot oil heated by gas or pressurised steam. 
Due to the high process temperatures and the release of extractives, many parts of the kiln are 
made of stainless steel. Different wood species with different dimensions usually have individual 
treatment schemes. The process is either time-based, or wood-temperature-controlled. Time-
based schemes are justified when sufficient experience is available, when there are few variations 
in the raw material and when process equipment and regulators are working properly. For this 
reason, it is recommended that wood temperature information would be continually available and 
changes to the schemes can be done, if necessary.  

TW is manufactured by the ITWA members, mostly using pine and spruce softwoods, from 
North and North Eastern Europe, but ash (Fraxinus spp.), radiata pine (Pinus radiata), ayous 
(Triplochiton scleroxylon), frake (Terminalia superba), aspen (Populus tremula) and alder (Alnus 
spp.) are also used. 

 

 

Figure 6. TW® treatment chambers in Iran. 
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3.4.1 The history of ThermoWood® 

In 1992, VTT, the Technical Research Centre of Finland started a wood modification project 
and they patented the TW® process, but work was also done by the Technical University of 
Tampere, and “industrial” thermal modification was beginning at the same time in Mänttä, where. 
Suomen Ekopuu Oy had built a treatment chamber in 1990.  The Institute of Environmental 
Technology (YTI) played an important role in developing the present TW® process, treating 
more than 800 batches with more than 50 different species between 1995 and 2004. Basic 
treatment scheme principles for different wood species with 1 m3 and 6 m3 capacity kilns were 
established in Mikkeli. Several research and development projects together with small and 
medium size enterprises, research organisations and the Finnish preservation association 
(Kestopuu) were running between 1997 and 2003. Initial classification proposals for Class 1 and 
Class 2 were presented (Syrjänen 2000) and projects regarding long term durability and 
workability were undertaken and temperature and time parameters with Norway spruce and Scots 
pine were studied in the  “Method for determining the degree of heat treatment (Menetelmä 
lämpökäsittelyasteen toteamiseksi)” project, undertaken by YTI during 2002−2004, the aim of 
being to develop a method to determine the degree of treatment that could be applied on an 
industrial scale with quality control, and  that would be relatively rapid, easy and cheap. Colour 
was one promising property for quality control, because some preliminary correlations were 
observed. Norway spruce and Scots pine were chosen as the species to be studied and material 
was collected from eight Finnish producers, 28 untreated full-length boards from each producer 
being randomly chosen and marked before treatment. Three boards were left as reference and 
the remaining 25 boards were treated in a batch at full capacity. Several properties were 
determined including colour as one the quality “parameters”. Altogether, 2184 measurements 
were recorded and analysed, and a lot of the observations were reported in a number of 
international research publications.  The most important result reported was the correlation 
between the L* lightness parameter and the temperature and time parameters used, which 
suggested that more effort should be devoted to work with colour and other correlating properties. 
At the same time, several new plants were being built or were under development; Ekosampo Oy, 
Kerimäki, Heinolan Ruskopuu Oy and HJT-Holz, Vilppula (1998−1999) were soon followed by 
Ikipuu, Stellac Wood, Finnforest, Lunawood, Stora Enso, Laukaan Lämpöpuu and Suomen 
Lämpöpuu. A few years later, similar kilns were built in Estonia. 

The kilns were mainly built by the Finnish manufacturers Stellac (now Luxhammar) and 
Tekmaheat (now Jartek) and by Valutec in Sweden, while some local engineering kiln 
manufacturers have been successfully building smaller capacity chambers. Later, some 
international manufacturers (e.g. Mahild in Germany) have supplied kilns for this purpose also. 
The treatment kilns are usually a chamber type, but cylindrical and even continuous “tube” 
treatment units have also been produced. Each manufacturer had their own ideas about how to 
run and control the process, but the treatment principles and technical equipment are the same. 
Temperatures varied from 170°C up to as high as 250°C and many different treatment classes 
were introduced.  The belief that the product would be an alternative to impregnated wood in 
Use Class 4 (CEN 2013) was strong, with durability tests supporting this belief. Thermally 
modified Norway spruce and Scots pine treated at 230°C for 3 hours indicated similar durability 
as impregnated wood (Metsä-Kortelainen and Viitanen et al. 2009).  The expectation was high, 
but several drawbacks were experienced. Problems with machining properties, strength and 
durability was reported in relatively short time and, as a consequence, lower temperatures and 
shorter intensive treatment times were applied and more realistic durability results were 
presented.     
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3.4.2 Commercial expansion of ThermoWood® 

The first significant commercial developments in thermal modification were in Finland (Hill 
2011), but the commercial expansion took time and several development projects were 
undertaken. Large companies like Stora Enso Timber Oy Ltd, Metsäliitto Osuuskunta Finnforest 
(now MetsäWood), UPM-Kymmene Oyj and Valutec Oy had their own interests in this business, 
and many important steps were taken, as a result such as the foundation of the Finnish 
Thermowood Association in 2000. Thermo-S and Thermo-D were introduced in 2002 and the 
first TW® handbook was published. Production volumes did not increase, however, as expected 
and some of companies changed their strategy and did not continue with thermal modification.   

The annual production of TW® has increased gradually but continuously since its commercial 
launch (Figure 7). The total production was ca. 237 000 m3 in 2020. Norway spruce and Scots 
pine are the most treated species, 40% and 52% respectively. Treatment class Thermo-D has been 
applied to about 90% of the total worldwide production volume, about 90% of which is supplied 
to the EU area. 

 

Figure 7. Annual production volume of TW® . 

3.4.3 The International ThermoWood Association 

Since the establishment of the Finnish ThermoWood Association, many companies from several 
countries have joined the association and the name of association was changes to the International 
ThermoWood Association (ITWA). The aim of the ITWA is to enhance TW® products. TW® 
is a registered trademark owned by ITWA (Figure 8). The trademark is a sign that the wood 
products have been manufactured by a process developed in Finland. Only the members of the 
ITWA have the legal right to use the trademark ThermoWood® for their TMT, although the 
TW® name and product classification (Thermo-D and Thermo-S) have been copied by some 
non-member companies. 
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Figure 8. International ThermoWood Association (ITWA) logos. 

3.5 The ThermoWood process today 
TW® is a one-stage process applied to dry wood, but consisting of several distinct stages: heating, 
drying, intensive heat-treatment, cooling, re-conditioning and cooling, as shown in the simplified 
diagram in Figure 9.  

 

Figure 9. The ThermoWood® process. T − temperature, t − time.  

The current commercial process has several further stages however, as follows: 

• Heating (Figure 10, process time 0−6 h) is a stage where the kiln temperature and that of 
sawn timber is raised to ca. 100°C, close to the boiling point of water using dry heating from 
batteries and pressurised steam from the nozzles. Heat is transferred with fans to the 
saturated air circulating to the timber. This can be done rather quickly, but intensive drying 
must be avoided. A limiting factor is the low thermal conductivity of wood. The thicker the 
wood and the higher its moisture content, the greater is the power requirement. In order to 
avoid loss of energy, the dampers need to be kept as closed as possible. Bidirectional air 
flow is preferred when an even heat distribution is desired and large batches are treated.  
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• Drying (Figure 10, process time 6−33 h) is an essential part of the TW® process. The 
timber is usually predried to a moisture content of 16−24%, but green timber can also be 
used. Intensive drying is done at a temperature of 100−130°C following the same principles 
as high temperature drying. Some minor chemical reactions are known to take place, but 
the property changes reported are minor. The dry-bulb temperature is increased gradually, 
until a temperature of about 130°C and EMC of ca. 3% has been reached. Most of the 
process energy is consumed in this stage. Moisture in the wood is mainly evaporated and 
removed through the dampers. In order to achieve a fast and even drying, a bidirectional 
air flow with a speed higher than 2 m/s is required, except in the case of a narrow treatment 
load. After intensive drying, there is almost no moisture left in the wood, and at lower 
temperatures only minor mechanical changes take place. Volatile organic compounds 
(VOCs) of monoterpenes in Norway spruce and Scots pine are reported to evaporate 
during drying at 40−90°C and it was assumed that high temperature drying would cause a 
larger proportion to be driven off (Englund and Nussbaum 2000). The colour of wood also 
changes. Softwoods become slightly darker, while hardwoods become considerably darker. 
An accelerated darkening was observed in both Norway spruce and Scots pine when a 
temperature of approx. 80°C was exceeded in the capillary phase of the heat treatment 
(Sundqvist 2002). Both wood species showed similar colour response after drying 
corresponding to the treatment time and temperature. At 90−150°C, the changes in all the 
wood components were clearly evident. Fast drying at a high temperature and high moisture 
content leads to the development of a brownish coloration just beneath the wood surface. 
Carbohydrates were found to accumulate at the surface of Scots pine after drying 
(Macfarlane et al. 1983) and the effect of drying conditions on the migration of low 
molecular weight sugars and nitrogenous compounds at different depths during the course 
of drying of Scots pine was reported by Terziev (1995). Significant coloration of pine 
sapwood has been observed during TW® especially when starting with green wood, 
particularly in the springtime (Figure 11).  

• The increase in temperature (Figure 10, process time 33−40 h) after drying and before the 
intensive heat-treatment is an “intermediate step” that is important from both a process and 
a control point of view. In the temperature range of 150−160°C, all dampers are closed and 
there is a slight over pressure generated either using high-pressure water, pre-heated steam 
or a boiling water bath. In order to avoid or decrease the odour problems, process gases 
are conducted to the burner. Some of the extractives are mixed with the evaporated steam 
and removed through over-pressure vents causing the typical light smell of TW® process. 
The amount of VOCs decreases when the Thermo-D intensive heat-treatment temperature 
is approached.  

Almost fully dry wood (MC <3%) is sensitive to temperature changes, and reacts quickly to 
all adjustments. The stage just before intensive heat-treatment is often the most critical from 
an adjustment and control point of view. Problems may occur if the intensive heat-treatment 
is approached aggressively. The same delay with cooling shall be considered, if needed. A 
range of chemical reactions take place simultaneously, and these are both endothermic and 
exothermic, making the determination of the onset temperatures for the different reactions 
almost impossible (Sandberg et al. 2013).  Softwoods have a lower hemicellulose and acetyl 
group content than hardwoods. As a consequence, softwoods are subjected to less acid 
catalysis than hardwoods (Jebrane et al. 2018). The thermal degradation of softwoods at a 
given temperature during a given time is expected to be less than that of hardwoods. 
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Hardwoods are less thermally stable than softwoods due, it is said, to differences in the 
hemicellulose content and composition (Hill 2006). 

 

Figure 10. Example of a 58 h TW® (Thermo-D) process. 

 

Figure 11. The brownish coloration of TW® Scots pine sapwood. 

• The intensive heat-treatment phase (Figure 10, process time 40−42 h) is the phase in which 
the major chemical and physical changes take place. Nuopponen et al. (2005) reported that 
the chemical modification of Scots pine was extensive at temperatures above 200°C. Lignin 
became partly extractable by acetone at 180°C and the amount of soluble lignin increased 
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with increasing temperature up to 220°C. New carbonyl-containing structures were detected 
with FT-IR and ultraviolet resonance Raman (UVRR) spectroscopic techniques, especially 
at high temperatures (200−240°C). The degradation of hemicelluloses, detected in the FT-
IR spectral data, led to an increase in the Klason lignin content. During the intensive heat 
treatment, wood is exposed to a rather stable temperature, which is dependent on the 
required extent of treatment. The need for external energy is minor. Norway spruce and 
Scots pine are relatively easy to treat in the Thermo-D and Thermo-S classes. The thermal 
behaviour during treatment is foreseeable when significant exothermic reactions are not 
occurring. Typical heating times and temperatures to achieve Thermo-D and Thermo-S 
grades for Norway spruce and Scots pine are shown in Table 4. With some hardwoods, 
there is a risk of exothermal reactions and continuous control is needed. 

Table 4. Typical times and temperatures for treating Norway spruce and Scots pine. 

 Thermo-D Thermo-S 
Temperature (°C) 212±3 190±3 

Time (min.) 120–180 120–180  

• Cooling (Figure 10, process time 42−50 h) starts intensively after the heat treatment stage, 
and this achieved with high-pressure water. This type of cooling continues as long as the 
dampers are able to open safely (Figure 10, process time 48 h) and air is also used as a 
cooling element. There is no significant moisture content recovery during this part of the 
process.             

• Re-conditioning (Figure 10, process time 50−55 h) is a stage where the dry timber is exposed 
to air with a high relative humidity. The sawn timber must be conditioned as long as is 
required to achieve the desired moisture content (4−7%). Steam is effective when fast 
conditioning of the timber is required.  

• Cooling (Figure 10, process time 55−58 h) is the final step in the process. The process can 
be stopped at any point in this stage, but a wood temperature of 70°C down to 40°C is 
usually expected. The loss of moisture at this stage should be avoided.  

The stacking of the sawn timber and the loading of the treatment kilns are also crucial aspects of 
a successful TW® process. A proper stacking facilitates the continuous flow of air in the fillet 
space between the stacked timber, smoothly transferring heat and moisture. The added weight on 
the top of the piles of stacked timber mean that distortion is decreased. Loading shall be so that 
the whole capacity of the kiln is utilised and free air passage beside the timber piles is blocked. 

3.6 Products from ThermoWood 
Due to its improved weather resistance most TW® is used in the manufacture of external 
cladding products. This resin-free material with significantly improved dimensional stability and a 
better resistance against mould and decay is encouraging designers to choose and consumers to 
use TW® in applications where they have never used wood before, their stability being expected 
to require less frequent maintenance than other wood products. The brown colour is another 
important feature when TW® is chosen for cladding purposes. It is a decorative product, 
sometimes with wide dimensions up to 275 mm. Another popular application, but with a much 
smaller volume, is decking. A lot of different profiles with several types of fixing system have been 
developed whenTW® is used in constructions above ground, permanent water and soil contact 
should be avoided. TW® is also used a lot in window frames. The main reason for using wood 
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for this purpose is its stability, but its lower heat conductivity and lower weight are also advantages. 
One common feature of all these applications is that they are not subjected to mechanical stresses. 
In addition, high quality is required and that steers the purchase of raw material. Small and fresh-
knotted Norway spruce and Scots pine materials are recommended, and these are readily 
available in the Scandinavian forests. 

A wide range of products is presented in the TW® brochures: furniture for internal and external 
use, sauna products, desktops, floorings, shutters, furnishing etc. Many of these products are made 
of imported species such as ash, ayous, frake, poplar, radiata pine etc., but some less common 
species growing in Finland such as alder, aspen and silver birch are also used, although production 
statistics show that the volume of these products is less than 8%.  

Experiences gathered over more than 20 years are mostly positive. As usual with new materials, 
there are sometimes problems concerning, for example, visual appearance and surface quality in 
external applications, and sometimes concerning structural and durability aspects. Colour change 
can be a problem if the initial brown colour has disappeared, and has been replaced by a grey 
shade. Nowadays, more knowledge is available regarding suitable surface treatment substances for 
TW®, and industrial and certified application systems are provided.      

Thermal treatment improves biological durability, but a very high temperature above 230°C is 
needed with TW Norway spruce and Scots pine to reach a resistance against decay comparable 
with the “durable” or “very durable” classes in the soft-rot test (Metsä-Kortelainen and Viitanen 
2009). Treatment at a temperature of 210°C increased the biological durability of Norway spruce 
and Scots pine sapwood, but the wood material was still classified as “not durable” or “slightly 
durable”. Significant changes in the modulus of elasticity (MOE) and modulus of rupture (MOR) 
were reported for the same wood species after treatment at 210°C (Metsä-Kortelainen and 
Viitanen 2010). The weight loss of 6.5−7.1% after thermal modification affected the MOE of 
Norway spruce by -2.8% to -15.2% and of Scots pine by 2.8% to -2.1%. and the MOR by 
respectively -1.1% to -15.7% and -3.4% to -4.1%. Significant differences were observed after 32 
weeks exposal to fungal attack. The MOE increased by 66.4% to 98.2%, which was better with 
spruce and the MOR increased by 30.7% to 39.1% with both species. Metsä-Kortelainen et al. 
(2006) reported very significant differences in water absorption between the sapwood and 
heartwood of Norway spruce and Scots pine in floating tests. Thermal modification reduced the 
water absorption of Norway spruce and Scots pine heartwood, but Scots pine sapwood treated at 
170°C, 190°C and 210°C absorbed moisture more quickly than normally kiln-dried timber. Most 
of the studies supported the view that TW and probably all TMT materials should be used in 
applications above ground. They do not necessarily decay, but they nevertheless lose strength 
when they become and remain wet.   

The selection of the thermal-modification temperature is a compromise between improving 
durability and reducing other properties. Thermal modification at 210°C does not reduce the 
strength properties significantly (Anon. 2021), but it does improve the biological durability of both 
Norway spruce and Scots pine to the level of merbau in the soft-rot test.  

3.7 Thermal modification and quality control 
Certainly, there is a risk to “miss” the TW® process during intensive treatment stage; lower or 
higher temperature (wood or air), shorter or longer treatment time are parameters which are able 
to make changes, causing non-conformities outside the defined specifications. The material is not 
ruined but might have properties which may not necessarily correspond to TW® material 
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specifications. In external applications, more serious consequences in TW® are influenced if the 
temperature and time parameters are lower and shorter than recommended. The properties 
regarding to weather resistance or durability are weaker. Respectively higher temperature and 
longer treatment time causes reduced strength properties, but not usually to any significant effect 
when using wood in applications like claddings and decking’s. That is the reason behind the need 
of quality control for TW® and other similar processes, and why more attention in quality control 
is put on a tolerance level below the target. 

Thermally modified timber (TMT) has not yet become a mass-produced product, although after 
the thermal treatment the studied wood species have a lower equilibrium moisture content 
(EMC), improved dimensional stability, durability or weather resistance, a lower thermal 
conductivity, a lower strength properties, a changed pH and a darker colour, as well as less resin, 
stronger odour, and changed workability, gluing, and surface treatment properties. There are 
however few studies that have penetrated these changed properties more closely to see how they 
can be used as a feature for quality control. Brischke et al. (2007) concluded that CIE L*a*b* 
colour measurements would be feasible for the quality control of TMT, a good linear correlation 
being found between a cumulated measure of L* and b* data and the thermal-modification 
intensity for Norway spruce and Scots pine. A unique correlation between colour and mass loss 
at different treatment temperatures with one wood species was found by Welzbacher et al. (2009). 
Sandak et al. (2016) reported that colour change and NIR could be used to optimise the thermal 
treatment of poplar veneers on an industrial scale and for real-time statistical process control. 
Several TMT-methods are being developed using different treatment methodologies and a large 
number of wood species (e.g. Jones et al. 2017). The annual production by registered TW® 
member companies is about 240 000 m3, and another 200 000 m3 is probably being produced by 
other companies using thermal modification technology (Jones et al. 2019).  

Quality is a term which has several meanings and elements, depending on the context, including 
product properties, accuracy, customer satisfaction, cost effectiveness and suitability. Quality 
assessment can be both visual and measured and it is an essential part of production process. In 
the wood industry, quality control usually covers raw materials, processes, and finished products. 
Moisture content and dimensions are measured, visual appearance and defects such as knots, 
fissures, cracks and deformation are controlled, and products which do not meet the requirements 
are either downgraded or rejected. Nevertheless, certain defective samples are and shall be 
accepted, depending on the acceptable quality level (AQL) applied. According to the NTR quality 
control requirements for impregnated wood, sampling procedure in EN 351-2 (CEN 2007) and 
ISO 2859-1 (ISO 1999) with an AQL of 10% and  an AQL of 6.5 % for NTR A pole at inspection 
level S3 are applied (Anon. 2017).  

Quality is controlled both internally and externally. In the internal quality control, the 
manufacturer controls the quality on a continuous basis, at different production stages. The 
external quality control is applied to the properties of the final product. Everything must be 
documented and the production routine typically requires certification by an accredited 
certification body which issues a certificate when the production process has been evaluated and 
conformity of the finished products has been verified. Sometimes it provides sampling and 
measurements in a testing laboratory. Certificate is valid either temporarily or for a specific time. 
As a result, the certificate holder is entitled to use certification stamps in the products and 
packages. The system is usually audited once or twice a year by the certification body and this can 
be unannounced or with a short warning. 
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In a review of quality-control methods for TMT (Willems et al. 2015), a range of methods have 
been suggested for evaluating TMT as part of a quality control system. These methods and their 
applicability are listed in Table 5.   

Table 5. Quality control methods for thermally-modified timber (Willems et al. 2015). 

Method Industrial suitability Field suitability, i.e. dependent on 
 Off-line On-line Control?* Species? Process? 

Dry mass loss  x x x x 
Equilibrium moisture content 

(EMC) 
 x  x /x 

Dynamic vapour sorption (DVS) x x  x /x 
Chemical analysis of volatiles  x x x x 

Hardness  x x x x 
High energy mechanical impact 

(HEMI) 
 x x x x 

Surface reflectance  /x x x x 
Electrical resistivity  /x x x x 

Colour    x x 
Electron spin resonance (ESR) 

spectroscopy 
x/ x   x/ 

Fourier transform infrared (FTIR) 
spectroscopy 

  x x x 

Near infrared (NIR) spectroscopy   x x x 
Thermo-gravimetric analysis 

(TGA) 
/x x  /x x 

CHN (O) elemental analysis x/ x    
Gas analysis n.a.  n.a. x x 

Durability x x    
* Defined as whether a matched untreated control sample for calibration is needed? 

Symbols: , yes; /x, probably yes; x/, probably no; x, no 
 

Militz and Altgen (2014) and Willems et al. (2015) have emphasised the importance of the quality 
assessment for the commercial success of TMT. Increased production capacity, with several 
different TMT processes provides data for comparative purposes for a particular species and/or 
over a narrow process range. Such markers do not allow for making an objective judgment of 
quality, which is independent of process information or reference samples provided by the 
manufacturer. Instead of a reliable and fast laboratory quality control method that would be 
applied commercially, they offer TMT factories a monitoring tool for internal quality control. It 
can be applied when evaluating repeatability of a single process or also in the case when same 
manufacturer has several treatment units, sometimes even in different locations. Efforts have been 
made to develop transparent quality assurance system in e.g. Finland and the Netherlands. The 
indirect measurement of the degree of thermal conversion (DTC) through the correlation 
between mass loss and colour change during thermal modification has been recognised by 
Willems and Altgen (2020) to provide a fast and non-destructive acquisition of data on a 
statistically relevant number of product items, but correlation of the DTC data must be validated 
for each wood species, sapwood and heartwood, provenance, treatment recipe, high-temperature 
equipment and process etc. All the products must comply with the requirements of the customer. 
Usually, this consistency is evaluated by colour, when materials are combined and supplied to 
retailers and further to different applications. 
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There are many modified wood products on the market, but the thermal modification of wood 
has been investigated for many years without any break-through in commercialisation (Sandberg 
et al. 2013).  There appears to be no particular reason for this, but factors such as marketing, 
price, distribution, environmental aspects, visual appearance, production capacity, patents and 
licenses, all influence the situation. Another important matter is external “third-party” quality 
control. Pre-defined quality can also be an issue, preventing thermally-modified timber from being 
industrially produced on a large scale. Quality can be described in many ways and some guidelines 
must be commonly approved. Usually these are described in the standards or documents, which 
are created by the experts and authorities of sector groups. All the research knowledge regarding 
material properties and measurements during control shall be considered.  

The properties of TMT can vary greatly depending on both the raw material and the process 
technology. Variations can arise within a single treatment batch if the initial moisture content of 
the wood or the process conditions are not optimally controlled, leading to the conclusion that 
most of the TMT processes require their own quality control specifications. A high process 
repeatability is enabled, when all the essential variations are minimised, and the most favorable 
parameters chosen. 
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4. METHODOLOGY  

Many various methods are available for the non-destructive testing of wood (Niemz and Mannes 
2012), and colour is one these options. Humar et al. (2020) reported that the lightness value L* 
is an appropriate indicator for both freshly thermally-modified timber (TMT) and for weathered 
wood if the grey surface layer is removed. A linear relationship between colour parameters in 
thermally modified wood has been reported by Brischke et al. (2007) and Pfriem et al. (2010). 
Candelier et al. (2016) suggested that the colour can be valuable for individual treatment methods 
but that it cannot be used to compare different industrial processes. Similar limits were expressed 
by Militz and Altgen (2014), Willems et al. (2015), Jebrane et al. (2018) and Willems and Altgen 
(2020). Heat-treatment conditions alone are not sufficient to specify thermal modification. The 
thermal treatment stage of the modification process has the greatest influence. In Publication I, it 
was shown that Thermo-D treated Norway spruce and Scots pine had typical L*-values of 51.6 
and 50.1 respectively after treatment, but that L*-values after pressurised steam (PS) treatment 
were 58.2 and 51.6 respectively, but at a 30−40°C lower treatment temperature. They also 
reported differences between the results of PS processes, where wood treated without internal air 
circulation had a darker colour than wood treated with air circulation.  

Colour tests allow a fast rating of the durability of TMT, but this is not a precise or sufficient 
efficient measure, taking into account wood variability and treatment heterogeneity (Candelier et 
al. 2016). This conclusion is easily verified and justified when examining relatively narrow material 
and measurement data, combined with increased number of variables from processes used. The 
influence of the variation in material used and the heterogeneity of the treatment processes are 
significantly reduced when the observation period is lengthened. As a result, measuring data 
collected is more valuable and reliable, even though some single or more measurements would 
be out of guidelines and specifications determined. The description of the used colour system 
(Section 4.1) is based on CIE (1986). 

4.1 Colour 
The colour sensitivity of the eye differs according to the angle of view and different light sources 
make colours appear differently.  

A colour percept arises in the brain when light is reflected from an object and stimulates the retina 
of the eye. In 1853, Graßmann recognised that any colour percept can be matched by a mixture 
of three primary colours and it has since been shown that there are three different types of colour-
sensitive cone in the eye.  It has also been established that any attempt to order colours 
systematically requires a three-dimensional system involving attributes such as hue, chromaticness 
and lightness.   

The colour which we perceive when looking at an object is dependent on the energy distribution 
of the light reflected from the object, but it is also dependent on the illumination and on the 
properties of the human eye.  To be able to represent colour mathematically, CIE (Commission 
Internationale de l'Eclairage, the International Lighting Commission) has therefore defined both 
standard illuminants and standard observer functions based on three spectral colour-matching 
functions with peaks in the blue, green and red regions of the visible spectrum.  

The reflectance is measured at each wavelength in the visual spectrum, and for each wavelength, 
the products of (a) the standard observer colour-matching functions, (b) the reflectance factor of 
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the sample and (c) the energy component of the chosen standard illuminant at that wavelength 
give a value for the contribution to the total appearance at that wavelength.  These values can then 
be summed over the visual spectrum from 400 to 700 nm for the three standard observer 
functions to give the tristimulus values X, Y and Z.  

These three tristimulus values give an unambiguous definition of the colour which they represent, 
but they are difficult to interpret, and the information is better displayed by a transformation of 
the data, to give the chromaticity coordinates: 

  x = X/(X + Y + Z)   (1) 

  y = Y/(Y + Y + Z)   (2) 

The colour can then be represented in the CIE xy space, as shown in Figure 12. The horseshoe-
shaped curve is the locus of all the pure spectral colours. The straight line joining the extremities 
of this curve is the purple line, and all real colours are to be found within the enclosed area. 

 

Figure 12. The CIE chromaticity diagram. 

It appears here that the representation of colour is reduced to a two-dimensional plane, but this 
is not the case.  The experience of colour is always three-dimensional and the diagram is 
completed by adding the vertical direction of lightness, the Y-value.  

The chromaticity diagram gives however a distorted picture of the relationships between different 
colours and to establish a more uniform system, a new way of mathematically describing different 
colours was standardised by CIE in the CIELAB-system, which is a non-linear transformation of 
the X, Y, Z-values into a three-dimensional system where L* is the lightness value, a* is the 
red/green axis and b* is the yellow/blue axis.  This system is now commonly used to describe a 
colour. Although it is often not mentioned, the calculations are usually based on the D65-
illuminant and the 1964 Standard Observer. 
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Figure 13. The CIELAB colour space. 

This transformation leads to a more or less uniform colour space, where the colour difference 
∆E between two different colours can be calculated as the distance between two points in this 
CIELAB-space, according to: 

  ∆𝐸𝐸∗ = �(∆𝐿𝐿∗)2 + (∆𝑎𝑎∗)2 + (∆𝑏𝑏∗)2  (3) 

It is usually considered that a difference ∆E ≥ 2−3 is visible to the eye. 

If judgement is done by an individual’s impression or experience, it would not be possible, since 
it is impossible for everyone to control colour accurately using common, uniform standards. A 
colour difference of E*≥3 is reported by Hon and Minemura (2001) to be large enough with wood 
to be identified visually by the naked human eye. Similar E* observations has been experienced 
with TW colour controls. Two most widely known colour measuring methods are the XYZ 
chromaticity coordinates and the L*a*b* colour spaces (Minolta 1994). 

The measurement equipment used for all the measurements made in this thesis was the Minolta 
CR-310 Chromameter (Figure 14). The meter consists of a measuring head and a DP-301 data 
processor. It uses wide-area illumination and a 0° viewing angle and has a 50 mm-diameter 
measuring area, which thus provides an average reading over a large area to eliminate variations 
in textured surfaces. A pulsed xenon arc lamp in an integrating chamber illuminates the sample 
surface. Six high-sensitivity photodiodes matching the CIE Standard Observer Response, are used 
by the meter’s double-beam feedback system to measure both incident and reflected light. 
Measurements are displayed as L*a*b* values (the so-called CIE 1976) based on the CIE D65. 
Illuminant and the CIE 1931 (2°) Standard Observer. D65 is a standard illuminant, corresponding 
to average daylight (including the ultraviolet wavelength region) with a correlated colour 
temperature of 6504K. The 2° Standard Observer was defined by CIE in 1931. It is a 2° field of 
view at a distance of 50 cm from the object (Minolta CR-310 Chromameter). 
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Figure 14. Minolta CR-310 Chromameter, data processor DP-301 and calibration plate. 

Colour is a feature that can be measured from an object instantly with the relevant equipment. It 
is a rapid, precise, and highly reproducible method (Brischke et al. 2007). Before repetitive 
comparative measurements of colour are made, the following questions must be answered: 

− How many measurements shall be made on each batch?  
− How shall the measurements be made?  
− What type of measuring head shall be used?  
− On which part or side of the board shall measurements be made? 
− When shall the measurements be made? 

 
Wood is a non-homogeneous material with no regular texture and, the correlation between 
property and colour is poor (Johansson and Morén 2006), so that ten measurements/batch are 
usually carried out, depending on size of the batch and on the dimensions and wood species 
treated. A smaller number of samples may sometimes be accepted if costs are high. Brischke et 
al. (2007) stated that Norway spruce and Scots pine homogenised by milling revealed less variation 
in colour than wood surface measurements and recommended that measurements on milled 
wood to obtain results with a high statistical significance. Measurements on milled samples 
(sawdust/chips) lead to a stronger correlation with treatment intensity than measurements on solid 
surfaces. Nevertheless, colour measurements on freshly planed surfaces are an option to 
implement the method in industrial-scale quality control. The combined L*+b* (Publication V) 
values had the highest power to differentiate between thermal-modification intensities. Un-
machined Norway spruce surfaces also showed a high correlation (0.98) compared to planed and 
milled wood, but with a power linearity. Another finding was a difference between Scots pine 
sapwood and heartwood. Colour measurements (L*+b*) of Scots pine heartwood revealed high 
variation; and a weaker correlation 0.67, compared with 0.94 for sapwood with the thermal 
modification intensity was observed.  

The variation in colour measurements on TW® timber surfaces are within the lines determined. 
Variations can even occur within a single treatment batch, if the initial moisture content of the 
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timber or the process conditions have not been optimally controlled (Militz and Altgen 2014). 
The experience or competence of the controller can also influence the measured value.  Moisture 
is critical in those processes where the thermal modification is based on the presence of water, 
but this not the case in the TW® process.  

The main purpose of this quality control is to ensure that the treatment parameters meet the pre-
defined requirements. Process computers are normally used to monitor these parameters, but 
failures and errors are always possible, and time-based regimes can be problematic if there is a 
delay in the wood-temperature increase. There is always a need for human control and, if 
necessary, the immediate implementation of adjustments.  

The colour of treated boards should always be measured on a planed surface, using as wide a 
measuring head as possible and taking into account the whole width of the board (Publication 
III). If a small measuring area is used, such as the CR-400 with a diameter of 8 mm, the risk that 
a single measurements being outside the approved colour range increases. Rough surfaces may 
contain different types of impurities, such as resin, tar, cooling water stains or even stick marks, 
and a defect-free (knot, resin or bark pocket, top failure etc.) measuring location should be 
selected. In Publication III, it is reported that sapwood and heartwood surfaces have a slight colour 
difference, with heartwood surfaces being ca. 2 L*-units lighter. Timber undergoes a colour 
change caused by oxidation during the thermal-modification process (Niemz and Mannes 2012), 
but to control the intensity of the thermal-modification process and TW® product quality, the 
colour should be measured after planing the surface. UV radiation can lead to changes after a 
relatively short exposure period (Ayadi et al. 2003).   
 
Hardwoods undergo darkening at a lower temperature than softwoods.  Untreated fresh wood 
starts to darken gradually during conventional drying and turns even darker when the drying 
temperature (high temperature drying). In the PLATO, WTT, Moldrup, Firmolin or Vacu3 
processes, water is present in the wood and a significantly lower (30−40°C) temperature (max. 
170−190°C) is needed in order to achieve the same colour as that of wood treated by dry 
processes like Termovuoto, Retification or TW®. 

4.2 Fourier-transform infra-red (FT-IR) spectrometry 
Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain an infrared 
spectrum of the absorption or emission of a solid, liquid or gas. An FTIR spectrometer collects 
high-resolution spectral data over a wide spectral range, making it possible to analyse in wavelength 
bands so that the method can be a major tool in chemometric studies. 

Infra-red spectrometry is typically carried out in the mid-IR region, at wavelengths of 2−25 µm (a 
frequency of 5 000−400 cm−1). More recent developments of techniques for anlaysing shorter 
wavelengths, i.e. 1−2.5 µm (10 000−4 000 cm−1) are referred to as near infra-red (NIR) analysis, 
but are not considered in this work.  

The multiple analysis of data and its subsequent conversion into a spectrum requires the 
application of mathematical models, such as Fourier transform, which is a complex-valued 
function of frequency over a period of time, whereby the magnitude (absolute value) represents 
the amount of that frequency present in the original function, and whose argument is the phase 
offset of the basic sinusoid in that frequency. 

Typical FT-IR spectra can be categorised according to the chemical bond present, and whether it 
is undergoing stretching or bonding vibration as a result of the frequency applied. Table 6 gives a 
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simple overview of the wavelengths at which excitation occurs. The detailed analysis of FT-IR 
spectra has been undertaken in collaboration with co-authors (Publication V). This section gives 
a basic explanation of the process involved. 

Table 6. Significance of basic excitation frequencies measured by FT-IR spectrometry based on data 
from Shi et al. (2012). 

Wave number (cm-1) Band assignment 
1739 C=O stretching in unconjugated ketone 
1640 C=O stretching vibration in conjugated carbonyl of lignin 
1510 Aromatic skeletal vibrations 
1457 CH2 deformation stretching in lignin and xylan 
1425 Aromatic skeletal combined with C-H in-plane deforming and stretching 
1371 Aliphatic C-H stretching in methyl and phenol OH 
1320 C1-O vibrations in S derivates, CH in-plane bending in cellulose I and cellulose II 
1267 Syringyl ring breathing and C-O stretching in lignin and xylan 
1160 C-O-C asymmetric stretching in cellulose I and cellulose II 
1059 C-O stretching vibration (cellulose and hemicelluloses) 
1034 C-O stretching vibration (cellulose, hemicelluloses and lignin) 
897 C1 vibration 

4.3 Data processing techniques  
In order to extrapolate as much information as possible from the FT-IR spectra and to identify 
specific relationships between peak changes, it is possible to apply an additional data processing 
step, the most common being principal component analysis (PCA) and hierarchal cluster analysis 
(HCA), though work in this thesis only used PCA. 

PCA is a multivariate statistical technique used to extract and interpret systematic variance in a 
data set, the underlying idea being to replace a complex multi-dimensional data set (e.g. 
spectroscopic data) by a system involving fewer dimensions (principal components (PCs) or 
factors) but fitting the original data sufficiently closely to be a good approximation, reducing data 
dimensionality by redefining the axes.  

PCA can be used to extract detailed information from a dataset and to control and process 
monitoring and classification of a product’s origins (dos Santos Grasel et al. 2016). By converting 
the data into the dimensionally-reduced PCA space, the input data set is decomposed into two 
matrices of scores and loadings. The scores matrix describes the samples in the PC space, while 
the loadings matrix defines the axes of the dimensionally reduced data set. The most important 
features of the FT-IR spectra can thus be identified, and the band shifts and non-symmetries in 
the bands between the samples can be quickly determined (Popescu and Popescu 2013, Via et al. 
2014). HCA is a means of presenting the data as a dendrogram, which emphasises the natural 
grouping in a data set. This method groups the data and allows the presentation of relationships 
among different groups (Rana et al. 2008, Chen et al. 2010). 

4.4 Quality control of ThermoWood 
The principles of TW® quality control are close to those of pressure-treated sawn timber, where 
the penetration of preservative is checked and the uptake of preservative determined on cross-cut 
samples. In TW® process, the whole cross-section needs to be evenly coloured, and In TW® 
audits, attention is focused on the temperatures and times used in the processes. TW® quality 
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has been followed, measurements made, and data saved since the beginning of external quality 
controls, dating back to 2006. The first quality requirements were based on the earlier 
(2001−2004) research work where different wood materials and different degrees of treatment 
were used as shown in ITWA’s production statistics. Norway spruce and Scots pine were the 
major sources but species such as alder, ash, aspen, birch, oak and radiata pine were also used, 
but the number of measurements on these wood species was limited and no further conclusions 
were possible. In many cases the treatment temperature and time were based on the colour 
approved by the customer. Customers and producers were comparing samples visually, not using 
numerical values, and some producers had completely independent treatment parameters in the 
schemes to reach the desired colour. Nearly 100% of the production is now treated according to 
the Thermo-D and Thermo-S procedures, as defined by Table 7, and the data compared in this 
thesis have been gathered from measurements made between 2010−2020 at 14 different 
production locations. 

Table 7. Temperature and time requirements in the Thermo-S and Thermo-D processes. 

Spruce and pine Thermo-S Thermo-D 
Temperature (°C) 190±3 212±3 

Time (min.) 120–180  120–180 

4.4.1 ThermoWood  certification process 

For a producer of TMT to become TW® certified, the company must be a member of ITWA, 
and it must have a process following the principles of the TW® method. In addition, a control 
body must evaluate whether the applicant fulfils the requirements with a Factory Production 
Control (FPC) manual as an important part of the documentation, which the company is 
committed to follow. The following main parts must be included:  

− responsibilities (persons and duties), 
− handling of raw material (acceptance, measurements, loading), 
− process description (e.g. shown as a flow chart), 
− maintenance (process equipment, sensors etc.), 
− internal quality control, 
− data collected, measurements recorded and security systems, 
− packaging, marking, storing, and 
− handling of internal and external (reclaims) non-conformities. 

The process conformity is assessed with samples chosen by the auditor taken on a batch basis 
from the treatment classes for which product certification is being sought. Average moisture 
content, moisture gradient, colour L*a*b* are measured and visual quality regarding fissures and 
internal cracks are determined. The whole certification process usually takes a couple of weeks. 
After approval, certified companies are entitled to use the logo shown in Figure 15 on their 
products. TW® producers have been able to apply another, additional certification from The 
Netherlands, KOMO (https://www.komoquality.com/choosing-komo/). The present 
certification based on FC-marking covers all the parts regarding KOMO-audits and a cooperation 
between organisations and audits have been agreed. 
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Figure 15. Logos for certified TW® products. FC-logo is a certification label issued by Finotrol Oy. 

4.4.2 Internal quality control  

The internal quality control must be carried out as described in the FPC-manual. Samples are 
collected from treatment batches, the number of samples (typically either 5 or 10) being based on 
the size of the kiln. A typical number is then from different pieces of sawn timber. The average 
moisture content is determined and the presence of internal cracks and surface checking is 
assessed. Colour measurement is not yet compulsory but is undertaken by most of the producers. 
Defects such as distortions or e.g. knot holes and mechanical damages are controlled during 
planing and packaging. Quality requirements are presented in the document FC-2 for Thermally 
Modified Timber (TMT). Quality control samples from the last 25 treatments should be stored, 
with archiving times of five years (Figure 16).  
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Figure 16. Examples of quality control samples and storing. 
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4.4.3 External quality control 

An external quality control of TW® is carried out by an accredited certification body in 
accordance with CEN/TS 15679 (CEN 2008) and the FC-2 Thermally Modified Timber. 
External audits are carried out once or twice a year, usually on site. Lately some of these annual 
audits have been done remotely, applying several applications used for process control and 
sharing of documents and information. The experiments from these “distance” audits have been 
positive and it is assumed that they will be compensating part of usual auditing work done on the 
site.  In these audits, several things are checked, many of them relating to the content of the FPC-
manual, such as personnel and their responsibilities, handling of raw material, production 
documents, process equipment, maintenance, process repeatability, quality control, internal and 
external customer reclaims, packaging and markings. From a product point of view, the main 
focus is on process repeatability, does process produce material with same properties batch after 
batch. High repeatability is a sum of many operations done by the certificate holder. They have 
competent and motivated operators, well working and maintained process equipment (fans, 
sensors, heating registers, steaming and cooling systems) and well-prepared treatment loads and 
of course appropriate, good quality raw materials. Combinations between different wood species, 
thicknesses and moisture content should be avoided. Important information is also received from 
external quality control. What are the results like? Are measurements according to the 
specifications? In a well working quality control, the plant is able to follow the result history and 
make conclusions of any needs for changes in the process or if there is something to be fixed in 
the machinery. All these observations can be done when doing constant colour and moisture 
content measurements and cracking control.  

Cracking is a harmful property of wood, giving lower yield of high-quality products and 
economical loss. Surface and end checks are visible and easily removable. Checks are usually 
caused by uncontrolled or harsh drying conditions. Usually, defects are caused by the processes 
involved, but sometimes timber is exposed to unfavorable circumstances during storage of a log 
or sawn wood. Surface checks become more frequent and severe after the modification process 
(Altgen et al. 2012). Internal cracks are more complicated from an observation and formation 
point of view. Boonstra, (2008) noted that radial cracks occurred mainly in impermeable wood 
species such as Norway spruce, caused by large stresses in the wood structure during e.g. PLATO 
treatment. Similar conclusions can be done with TW®. Norway spruce is more liable for internal 
cracking than Scots pine, in addition thicker dimensions with high density are more liable to 
undergo checking. Nevertheless, cracking is not an issue causing a lot of worry but is seen as an 
existing matter that needs to be considered and controlled. 

TW® is intensively heat treated in the “dry” conditions, also the moisture content of wood is 
nearly absolutely dry. As a result, re-conditioning is necessary. Moisture recovery without intensive 
conditioning is a slow process. The thicker the dimension and higher the treatments temperature, 
the longer the time required. After inappropriate conditioning, the average moisture content is 
usually lower (<4%) and gradient higher (>3%) than required, and immediate wood working shall 
be avoided. This shall be also notified when exposed TW® to circumstances with high relative 
humidity. Typically, this is the most common non-conformity observed during audits, and whilst 
not critical, it must be taken into account 
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5. RESULTS AND DISCUSSION 

The quality control data regarding colour is based on material collected from 14 industrial 
members of the association (ITWA) from 2010 to 2020, where the “standardised” procedures 
for Thermo-S and Thermo-D have been followed by all the producers. The companies were 
from Finland (8), Turkey (2) and one each from Sweden, Latvia, Poland and Iran. The 
measurements were made mainly at the Mikkeli University of Applied Sciences, under the 
supervision of Petteri Torniainen, who was working as an independent party at Mikkeli University 
(1997−2006), at Inspecta Certification (2006−2009) and at Finotrol (2010 to present). The same 
measuring principles (Publication III) were followed. 

The first Publication compared the colour of Norway spruce and Scots pine after TW® and 
WTT process and it showed a significant difference between the processes. Wood treated under 
pressurised steam (PS) showed a colour similar to that achieved with TW®, but after a shorter 
treatment time and a much lower temperature. Norway spruce and Scots pine showed no 
remarkable colour difference after the TW® process but, after PS treatment, Scots pine had a 
darker appearance than Norway spruce. The darker colour of Scots pine was assumed to be due 
to a higher extractive content than Norway spruce, but this is only a partial explanation because a 
similar observation was not made after the TW® process. A combination of extractives and high 
moisture content could perhaps increase the darkening. Publication II confirmed that the amount 
of furfurals was greater in boards thermally modified under saturated steam conditions than in 
sawn timber treated under superheated steam conditions. More water-soluble 5-(hydro-
xymethyl)furfural (HMF) than furfural was generally found in the thermally modified sawn timber, 
together with a higher content of water-soluble carbohydrates. HMF is formed from hexoses such 
as glucose and mannose, and the highest yield of HMF was found in the softwood samples. It was 
found in Publications I and VI that colour formation and the presence of acid in the wood treated 
under saturated steam were greater than those in wood treated under superheated steam 
conditions. The presence of acids could catalyse the hydrolytic degradation of wood components 
to compounds such as furfurals.   

Publication III concentrated on the TW® colour data collected a part of the MetsäGroup’s 
internal quality control from 2011 to 2013. Relating to Thermo-D-treated Norway spruce and 
Scots pine, and Thermo-S-treated Norway spruce. Thermo-D-treated Scots pine had an L*-value 
of 47.9 and spruce 47.6 and Thermo-S-treated spruce had an L* value of 61.9. Thermo-D 
L*values were slightly darker ∆E= 1−2 than the average industrial TW® production during 
2010−2020, probably because the treatment time in this case was approx. 30 min longer than the 
average treatment time and it was concluded that the colour difference between Norway spruce 
and Scots pine is very small in the Thermo-D class. The colour difference between sapwood and 
heartwood was also small and followed the same colour difference noted for untreated wood 
before treatment. A linear relationship between L* and b* was found with Norway spruce and 
Scots pine in treatment class Thermo-D (Figure 17). This relationship between L* and b* was 
however not found when Norway spruce was treated to the Thermo-S level, but in this case there 
was a clear correlation between redness a* and L*. The coefficients of determination were 
respectively, R2 = 0.83 and R2 = 0.73. The thickness also had an influence on the colour, the 
thicker sawn timber (50 mm) being about ∆E=2 L* units darker than the thinner (25 mm) timber, 
probably because the process time was usually 15 to 20 hours longer than with 25 mm thick sawn 
timber.  
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Figure 17.  Linear relationship between L* and b* for Thermo-D samples of Norway spruce and 
Scots pine. 

The average combined TW® L*-value for Norway spruce and Scots pine was 49.3 and for b* 
21.6. The differences between the Norway spruce and Scots pine were small, 49.0 and 21.1 vs. 
49.4 and 21.8 respectively. The kiln size or batch size (< 20 m3, 20−60 m3 and > 60 m3) had no 
influence on the colour formation.     

The data presented in Publication V demonstrated the consistency of the L* values (Figure 18 for 
Norway spruce and Figure 19 for Scots pine) between the different commercial sites producing 
Thermo-D treated softwood, where each treatment plant has been allocated an individual colour 
and number. This consistency is the main quality control criterion for colour monitoring, 
particularly when combined with the b* value for the same samples. 
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Figure 18. L* values of Thermo-D Norway spruce from commercial plants between 2007 and 2018. 
Numbers indicate ID of TMT manufacturer. 

 

 

Figure 19. L* values of Thermo-D Scots pine from commercial plants between 2007 and 2018. 
Numbers indicate ID of TMT manufacturer. 
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Based on this data, the present colour requirements for Norway spruce and Scots pine could be 
defined, as shown in Table 8.  

Table 8. Colour requirements of TW® Norway spruce and Scots pine. 

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

The Thermo-D L* values are well within the range of 45−55, and it might be possible to look at 
the lighter region with an L*-value of 55 in order to increase the area between treatment classes 
Thermo-D and Thermo-S. 

Publication IV report the application of PCA to the ∆E values, with PC1 and PC2 scores for 
Norway spruce (Figure 20a) and Scots pine (Figure 20b). Both scores contribute to the separation 
of the colour difference between the different thermal treatments for both wood species. A greater 
separation can be observed for the Scots pine samples, although the scatter was greater with 
Thermo-S samples, particularly for spruce. 

 

Figure 20. Colour difference (∆E) values plotted as a function of PC1 and PC2 scores for TW® 
Norway spruce (left) and Scots pine (right). 

Good cluster separation was found between L* and a* and both MOE and MOR for both wood 
species between untreated and thermally-modified timber, but there was no clear cluster 
separation that could be identified between the b* parameter and either the MOE or the MOR 
values (Figure 21). 
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Figure 21. L*, a*, b* parameters plotted as functions of (a-b) MOE and of (c-d) MOR for the 
untreated and TW® (a, c) Norway spruce and (b, d) Scots pine. 

Studies of the FTIR spectra of Norway spruce and Scots pine treated according to the Thermo-
D and Thermo-S schedules showed selected peak shifts that indicated the modification of both 
amorphous carbohydrates and lignin. 

TW is a process applying two types of measuring technology during treatment. Processes are 
run either on a time or on a temperature basis. No difference in the resulting colour has been 
observed. Time-based processes are leading to advances in process flow planning, but they do not 
necessarily take into consideration non-conformities caused by the material treated or external 
errors. Adjustment with wood temperature are more recommended when less experience is 
available and when a larger amount of degradations products during treatment is expected. The 
ideal situation is to combine the systems.     
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6. CONCLUSION 

Thermally-modified timber has gradually increased its proportion on the market, but it still 
represents only a fraction of the material available on the building market. Several high-
temperature methods are available and some of them will probably never achieve commercial 
importance. ThermoWood® (TW®) has been the most successful innovation so far, if its success 
is measured by production capacity or volume produced. TW® producers are associated in the 
Internal ThermoWood Association (ITWA) and follow the regulations set by the board. TW® 
is a product certified by an accredited certification body. Nearly all the production of Norway 
spruce and Scots pine is treated to reach classes Thermo-D or Thermo-S. Colour measurement 
has been used as a tool to evaluate the intensity of the thermal treatment. This study has shown 
that both Norway spruce and Scots pine behave in the same way when the same parameters are 
used in their treatment regimes. The analysis showed a strong agreement in L* values over the 
period from 2007 to 2018 for Thermo-D softwoods, and there was a strong correlation between 
L* and b* in treatment class Thermo-D. This correlation between L* and b*was not found in the 
Thermo-S class, but was replaced by L* vs. a*. The measurements on Norway spruce indicate a 
strong correlation (R2 = 0.83) between L* and b. This study also showed that sapwood is always 
slightly darker than heartwood and that thick dimensions after treatment are usually darker than 
thin dimensions.   

In principle, the properties of thermally modified timber are similar; better weather resistance, 
improved durability and dimensional stability, dark colour, decreased bending strength etc., due 
to the chemical changes taking place in the wood during treatment and they are related to a loss 
of mass during process. The changes depend on the process used and on the moisture content of 
the wood. Treating wood under saturated steam requires a temperature significantly lower than 
that required when sawn timber is treated in superheated steam in order to reach full 
performance. Saturated steam combined with water bound in the cell walls leads to chemical 
reactions which are more active than the reactions of dry wood under superheated steam. This 
probably increases the acidity of saturated steam-treated wood, and this may have corrosive effects 
on fixings and workability of surface-treatment substances. And the colour behaviour is expected 
to be less predictable. In the TW® process, water is gradually removed before the thermal part 
of the modification. As a consequence the “degradation” process of dry wood is more 
sophisticated and relatively easy to control. This also increases the repeatability of the process. A 
high repeatability is usually verified by equal process curves and colour measurements, which are 
part of the internal quality control system. Quality control is a prerequisite for the commercial 
success of all TMT processes, but so far only TW® has been able to apply this at an industrial 
level since 2006. The combination of treatment classes Thermo-D and Thermo-S and colour 
components of L,*a and*b* are applied as a way to evaluate product consistency. Colour 
measurement is an easy, fast and relatively cheap method to ensure the constant TW® quality in 
industrial production, provided that agreed “harmonised” working and measurement methods 
and instructions are followed. 

Studies using FT-IR spectroscopy as a means of quality control suggest the further indicators are 
possible, through the PCA analysis, where structural changes can be determined at the molecular 
level, suggesting that modification occurs in amorphous carbohydrates as well as in lignin. PCA 
can also differentiate between untreated and modified wood, whilst the combination of ∆E and 
PC scores make it possible to differentiate between the Thermo-D and Thermo-S modification 
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processes. Combining infrared spectroscopy – colour measurements – and mechanical tests 
increases the understanding of the quality control for commercial processing.  

Improved process and measuring technology has increased reliability and accuracy. Nevertheless 
unexpected observations occasionally occur. Wood is a non-homogeneous material liable to 
variations during growth and processing. As a consequence some degree of colour variation shall 
be tolerated and accepted. 

Two different processes, TW and WTT, were studied. The methods differ considerably and, 
as a result, so do the properties of the treated wood. WTT-treated sawn timber therefore needs 
a quality control system of its own, with the necessary parameters/criteria to be specified 
separately. The quality-control system is likely to be similar to that of TW, but what these 
parameters are and how they shall be applied is another question. 
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Colour responses from wood, thermally modified in superheated
steam and pressurized steam atmospheres
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1Division of Wood Physics, Luleå University of Technology, Skellefteå, SE-93187, Sweden, and 2Department of Forest

Products, Swedish University of Agricultural Sciences, Uppsala, Sweden

Abstract
In this study, two different methods were used to produce thermally modified wood. One was carried out in a typical kiln
drying chamber using superheated steam (SS) and the other used pressurized steam in an autoclave cylinder (PS). Overall,
both processes followed the same principles and the wood was not treated with any chemicals. Two wood species were
studied, Scots pine (Pinus sylvestris) and Norway spruce (Picea abies). Treatments in the autoclave were carried out under
pressure using temperatures of 1608C, 1708C and 1808C. Temperatures of 1908C and 2128C were used in treatments in the
chamber at normal air pressure. The colour was measured using L*C *H colour space. Results for both species showed that
similar L* (lightness) can be reached at lower (20�308C) temperatures using PS compared with SS treatment. The hue angle
of PS-treated wood was smaller than that of SS-treated wood. No significant difference in C * (chroma) was detected. The
difference in E value between PS- and SS-treated wood was smaller for Norway spruce than for Scots pine. The residual
moisture content was about 10% higher in wood treated by the PS process compared with the SS process.

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

saturated steam, Scots pine, thermal modification.

Introduction

Heat treatment at 160�2608C is one of several

methods used to modify wood to increase its

tolerance to various internal and external conditions.

Examples of commercial processes are Thermo-

Wood† in Finland, the Plato process (Boonstra

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

Menz Holz in Germany, and the Perdure and

Retification (Retified Wood) process in France.

A method of producing thermally modified wood

using pressurized steam has been introduced in

Denmark. This method involves hygrothermal treat-

ment carried out in a pressurized autoclave cylinder.

Heat treatment under pressure in autoclave sys-

tems has been investigated in Germany (Burmester,

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

general results in changes in the chemical and

physical properties of wood. Darkening of wood is

related to wood temperature and treatment time.

Measuring the colour of thermally modified wood

has been used in Finland as a quality control tool for

process evaluation. Brischke et al. (2007) found

strong correlations between colour data and heat

treatment intensities.

The formation of colour is related to degradation

processes of wood components taking place during

heat modification processing. A high correlation

between the colour of heat-modified wood and

degradation of hemicellulose and lignin has been

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

tions with both types of softwood hemicelluloses,

glucomannan and xylan, were presented by

González-Penña and Hale (2009). Radicals are

formed during thermal modification (Sivonen

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

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

The importance of the presence of air for colour

formation during heat modification of pine and

eucalypt wood has been investigated (Esteves et al.,

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

modification of spruce at 2008C.

The overall aim of this study was to investigate

conditions for producing thermally modified wood

with similar colour properties using two different

types of process. One process used superheated

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

comprised hygrothermal treatment in a high-

pressure autoclave introduced by the Danish com-

pany WTT (Wood Treatment Technology). The

ThermoWood technology is well known and used

on a large scale in the wood industry. The treatments

were evaluated by measuring the colour coordinates,

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

treatment in this study was assisted by results

reported from studies on biological resistance tests

at the University of Freiburg (Ohnesorge et al.,

2009). They showed that significant improvements

in softwoods can be achieved in an autoclave process

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

hydrothermally treated at 1808C and a holding

pressure between 7 and 12 bars for a specific

duration showed an average mass loss of less than

3% for almost every wood species after 32 weeks’

exposure to a soil bed. This temperature range is not

sufficient to reach the correspondent decay resis-

tance level using superheated steam (SS). The tests

for PS heat-treated wood were conducted according

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

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

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

At 1808C, Norway spruce and Scots pine were both

classified according to durability class 1 (Table I).

Using the same evaluation methods, durability

classes 2 and 3 have been reported for the same

species treated at 2128C according to Thermo-D

quality (International ThermoWood† Association,

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

ogy at 1608C, Norway spruce and Scots pine were

both classified as durability class 3. This will not be

attained with Thermo-S. This study focuses on the

comparison of colour responses from PS-treated

softwoods, Scots pine and Norway spruce, at

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

Materials and methods

Materials

The wood species used were Norway spruce (Picea

abies) and Scots pine (Pinus sylvestris) from the

growing area Northern and North Eastern Europe

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

study was 90. Samples approximately 4 m in length

were randomly selected, but some visual defects

were consciously avoided. The dimensions of PS-

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

boards were 25�150 and 32�150 mm.

SS-processed material (see below), 10 samples

from each plant, was delivered from production

plants in Finland Metsäliitto Osuuskunta Finnforest,

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

sen Thermo-S and Thermo-D samples represented

the approved values set by the International Ther-

moWood Association (ITWA) and were externally

controlled by Inspecta Certification.

PS-processed material was produced by ETS

Röthlisberger SA, Switzerland, and a recently estab-

lished plant in Arvidsjaur, Sweden. Raw material for

the treatments in Switzerland was delivered from

Sweden.

Methods

Two types of thermal modification processes were

used in this study, ThermoWood using SS and WTT

heat-treated wood using PS.

ThermoWood: superheated steam

The ThermoWood process uses SS. It was devel-

oped by VTT (Technical Research Centre of Fin-

land) in co-operation with some universities (Mikkeli

University of Applied Sciences/YTI and Tampere

University) and industrial partners. The research

work in Finland started at the beginning of the

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

opment work two standard classes, Thermo-S and

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

stability and the recommended use is in hazard

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

(Table II). The D describes durability and means

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

The manufacturing process of ThermoWood is

based on the use of high temperature and super-

heated steam. No chemicals are used in the process.

The process is normally a one-stage system that

takes green or predried timber to the final product

without any stops in the process. The process can

also be carried out as a progressive multiphase

system, which means that the same phases as in

Table I. Classification of natural durability to wood-destroying

fungi (according to EN 350-2).

Durability class Description

1 Very durable

2 Durable

3 Moderately durable

4 Slightly durable

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

step in separate chambers. The control of the

process is based on temperature of either the wood

or the air.

The treatment phases carried out in the Thermo-

Wood process for softwood can be recognized

according to Figure 1:

1. Heating of wood and kiln (temperature increase

up to 90�1008C).

2. High temperature kiln drying (intensive kiln

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

3. Intensive heat treatment at 190�2128C for

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

Thermo-S (1908C938C, treatment time

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

time 2�3 h).

4. Cooling.

5. Moisture stabilization (wood moisture content

4�7%).

6. Final cooling before unloading.

Pressurized steam

PS can be used as part of the process to produce

thermally modified wood. The heat-treatment pro-

cess using PS in this study was introduced by Danish

company WTT in co-operation with the institutes

from Germany and Switzerland.

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

ized autoclave cylinder made of stainless steel.

Ventilators are not normally used during the process.

Steam is generated by water fed into the tube and

heated by the radiator inside the cylinder during the

process. In the PS process no chemicals are used.

Part of the water evaporated from the wood is

removed during the process. The pressure is speci-

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

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

ducted by WTT, the pressurized thermal process

reaches its full performance in the temperature range

160�1808C. In conducted experiments, the pressure

ranged between 7 and 10 bar and autoclave tem-

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

wood was not totally dry after the hygrothermal

process but had about 10�15% residual moisture

content, according to oven-dry weight measure-

ments conducted at LTU.

In the WTT treatment process there was one

notable technical difference between the plants

in Switzerland and Sweden. In Sweden there was a

fan inside the treatment cylinder, which was not used

in Switzerland. This difference may have an influence

on treatment results when comparing the colour of

products treated with the same treatment schedule.

The PS process schedule with different phases is

shown in Figure 2:

Figure 1. Process schedule with main phases for ThermoWood.

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

Table II. Hazard classes representing the different service situa-

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

(according to EN 335-1).

Hazard

class

Wood moisture

content General service situation

1 Maximum 20% Above ground, covered (dry)

2 Occasionally �20% Above ground, covered (risk

of wetting)

3 Frequently �20% Above ground, not covered

4 Permanently �20% In contact with ground or

fresh water

5 Permanently �20% In salt water

Figure 2. Process schedule with main phases for pressurized

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

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

3. Drying and heat treatment under pressurized

condition (temperature up to 160�1808C).

4. Cooling (down to 40�708C).

5. Pressure normalization/equalization.

Colour measurement

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

defect-free outer surface of the wood samples.

There were three different measurements on each

sample, taking into consideration the whole width

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

average of these three measurements. The colour

measurement devices used were Minolta Chroma

Meters CR210 and CR310.

The Minolta Chroma Meter measures the colour

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

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

and h for hue angle. The values are easily converted

to Commission Internationale Enluminure (CIE)

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

standard.

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

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

ordinates instead of rectangular coordinates. In this

colour space, L* indicates lightness and is the same

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

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

at the centre and increases according to the distance

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

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

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

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

that shows the total difference in colour based on the

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

h�tan�1

�
b

a

�
(1)

C�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2�b2

p
(2)

a�Ccos h (3)

b�Csin h (4)

Figure 3. Measuring the colour from the samples.

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

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

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

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

value b*, which shows yellowness.

214 O. Dagbro et al.



DE*
ab�

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

q
(5)

Results

Data from measurements of colour responses of

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

and Table III indicate a darker colour of wood

treated by the PS process than by the SS process.

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

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

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

heat-treated Norway spruce showed a smaller

difference: the DL* values of PS-treated spruce

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

ment of spruce at 1708C was carried out in

Arvidsjaur. Data in Table III show that the differ-

ence in colour between this treatment and PS

treatment at 1608C was much smaller than for PS

treatment at 1808C.

When analysing values of chroma C* values from

colour measurements (Figure 6, Table IV), there

were differences between the treatments for Scots

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

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

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

This shows that Thermo-D-treated wood was more

saturated than PS-treated wood. The DC* of

Thermo-S treated Norway spruce was �2.2 com-

pared with 1608C PS-treated wood, indicating that

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

treated wood. No notable difference in DC* was

detected between the treatments Scots pine

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

(1808C).

A larger deviation in chroma values was observed

with the PS-treated wood when comparing the

standard deviation values in Table IV.

Data on hue angle are presented in Figure 7 and

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

treated compared with PS-treated wood shows that

�b* yellowness was more dominant in SS, whereas

�a* redness was more dominant in PS-processed

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

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

the colour of SS-treated Thermo-D wood was

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

between SS-treated Thermo-D and 1808C PS

Norway spruce was �3.39. With the lower tem-

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

for pine and �2.16 for spruce, indicating the same

direction as with the treatment at a higher tem-

perature.

Results from the analysis of E values in Figure 8

show small differences for both Scots pine and

Norway spruce. The difference between the pro-

cesses was more evident for Scots pine than for

Norway spruce. The DE between SS-treated

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

The corresponding DE for spruce was 4.9. The

lower treatment with pine and spruce gave DE

values of 6.7 and 1.8, indicating a similar conclu-

sion, that the difference is greater with pine than

with spruce.

By comparison of the data in Figures 5�8 and

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

for thermally modified Scots pine were mostly

influenced by lightness and hue angle.

The small difference in E value for thermally

modified Norway spruce was mostly due to mea-

sured values of the hue angle.

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

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

steam (PS) processes.

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

steam (PS) processes.

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

steam (PS) processes.
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Discussion

It is evident from the results that a similar colour of

pine and spruce could be achieved at a much lower

temperature when thermally modified under pres-

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

seems to be related to differences in the moisture

content of the wood during the treatments.

A lower treatment temperature could be compen-

sated for by the presence of moisture in the wood,

which will increase the flexibility of the wood

polymer chains and take part in hydrolytic cleavage

of glucosidic bonds and acetyl groups, and probably

also further dehydration reactions. Since the PS

process is a closed process, the acetyl groups on

hemicelluloses produce acids that are not ventilated

out and could result in accelerated degradation of

the polysaccharide components of the cell wall

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

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

low lightness and hue have been found during

hydrothermal treatment of birch (Sundqvist, 2004).

The role of the formation of acid will be further

investigated in future papers.

Pine was found to be darker than spruce when

treated in PS compared with SS. One reason for this

behaviour could be that the extractives content,

which contributes to the colour of wood, is higher

in pine wood than in spruce wood. As strict control

over wood temperature was not performed it could

also be due to differences in wood temperature,

which may be higher than in the tube owing to the

presence of exothermal reactions.

Thermo-D and PS treatment at 1808C showed a

larger difference than between Thermo-S and PS

1608C based on the comparison of calculated E

values in Figure 8.

In conclusion, this study has shown that there

are differences in colour responses regarding

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

Pine

PS 1608C
Pine

Thermo-S

Pine

PS 1808C
Pine

Thermo-D

Spruce

PS 1608C
Spruce

Thermo-S

Spruce

PS 1708C
Spruce

PS 1808C
Spruce

Thermo-D

Average 66.16 70.30 60.23 66.92 69.38 71.54 68.73 63.97 67.36

SD 1.02 0.93 1.40 0.72 0.96 1.52 0.93 2.81 0.73

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

Pine

PS 1608C
Pine

Thermo-S

Pine PS

1808C
Pine

Thermo-D

Spruce

PS 1608C
Spruce

Thermo-S

Spruce

PS 1708C
Spruce

PS 1808C
Spruce

Thermo-D

Average 51.55 59.06 41.18 50.07 58.23 61.25 55.09 46.13 51.64

SD 2.93 2.17 1.39 1.24 1.76 2.67 1.06 4.26 1.46

Note: PS�pressurized steam.

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

Pine

PS 1608C
Pine

Thermo-S

Pine

PS 1808C
Pine

Thermo-D

Spruce

PS 1608C
Spruce

Thermo-S

Spruce

PS 1708C
Spruce

PS 1808C
Spruce

Thermo-D

Average 27.24 27.11 19.98 23.39 28.62 26.41 27.76 23.84 23.66

SD 1.76 0.45 1.58 0.97 1.43 0.51 0.56 2.84 0.95

Note: PS�pressurized steam.

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

Pine

PS 1608C
Pine

Thermo-S

Pine

PS 1808C
Pine

Thermo-D

Spruce

PS 1608C
Spruce

Thermo-S

Spruce

PS 1708C
Spruce

PS 1808C
Spruce

Thermo-D

Average 58.31 64.99 45.78 55.27 64.90 66.71 61.69 51.93 56.81

SD 3.38 2.08 1.89 1.45 1.69 2.39 1.11 5.07 1.54

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

treated wood was darker than SS-treated wood even

though the temperature of PS treatment was around

308C lower. The difference in colour response was

especially evident when analysing thermally modi-

fied Scots pine. There were also differences in colour

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

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

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

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

spruce was less saturated than 1608C PS-treated

wood. These differences could be partly explained

by the technical differences between the processes in

Switzerland and Sweden. The L* value for Norway

spruce treated in Arvidsjaur with the same treatment

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

the treatment carried out in Switzerland.

From the E values it can be concluded that the

colour responses due to an increase in modification

temperature were different, for both Scots pine

and Norway spruce. Scots pine showed a larger

difference between SS-treated and PS-treated wood

than did Norway spruce.

The residual moisture content of PS-processed

boards was much higher than expected. To reach a

residual moisture content of about 6%, announced

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

10% before the heat treatment process. In the

treatments conducted in Arvidsjaur with timber

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

content varied between 12 and 16%, which is

expected to be too high for the intended applications

of thermally modified timber. In addition, the

gradient and variation in the moisture content

must be optimized. Based on the experiments so

far, further improvements to the PS treatment are

needed to improve the quality of the processed

material and repeatability of the process.

The colour measurements showed clear differ-

ences between PS treatments done in Switzerland

and Sweden. The wood treated in Switzerland was

darker than the corresponding raw material treated

in Sweden. Technical differences between the plants

are the most likely explanation for at least part of the

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

circulate the air inside the cylinder, whereas a fan is

used in Sweden. Secondly, the water pool at the

bottom of the cylinder is much bigger in Sweden,

and is likely to cause changes in steam generation

and pressure during the process. Thirdly, changes in

control parameters used during the process are likely

to cause changes in the treated material after the

process.In this study there has been a focus on

colour responses from SS-processed and PS-

processed wood. Other properties and possible

differences between the two processes will be in-

vestigated in future research. It is possible that

colour could be an indicator of other properties.

Chemical analysis has also been started and will be

presented in future papers.
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Abstract: The thermal modification of wood has become the most-commonly commercialised wood
modification process globally, with the ThermoWood® process currently being the most dominant.
As with all commercial processes, there is a need to have a robust quality control system, with several
small–scale studies undertaken to date investigating quality control using a range of analytical
methods, culminating in a multi-year assessment of colour as a means of quality control. This study,
as an extension to this multi-year assessment, further explores the colour of Norway spruce and
Scots pine commercially modified by the ThermoWood® S and D processes, respectively, along
with the mechanical properties and structural characterisation by Fourier transform infrared (FT–IR)
spectroscopy and principal component analysis (PCA) to ascertain further correlations between colour
and other measurable properties. Infrared spectroscopy indicated modifications in the amorphous
carbohydrates and lignin, whereas the use of PCA allowed for the differentiation between untreated
and modified wood. Colour measurements indicated reduced brightness, and shifting toward red
and yellow colours after thermal modification, hardness values decreased, whereas MOE and MOR
values were similar for modified wood compared to unmodified ones. However, by combining the
colour measurements and PC scores, it was possible to differentiate between the two modification
processes (Thermo–S and Thermo–D). By combining the mechanical properties and PC scores, it
was possible to differentiate the untreated wood from the modified ones, whereas by combining
the mechanical properties and colour parameters, it was possible to differentiate between the three
groups of studied samples. This demonstrates there is a degree of correlation between the test
methods, adding further confidence to the postulation of using colour to ensure quality control
of ThermoWood®.

Keywords: wood; thermal modification; infrared spectroscopy; quality control

1. Introduction

As a natural renewable resource, wood is in general a non-toxic, easily accessible,
and inexpensive biomass–derived material. Nevertheless, as wood is a natural product
that originates from different individual trees, limits are imposed on its use, and the
material needs to be transformed to acquire the desired functionality. Since the significant
developments undertaken between 1980 and 2000 into research data derive as far back
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as the 1940s, methods associated with wood modification have been implemented and
commercially developed to improve its intrinsic properties, produce new materials, and
acquire a form and functionality desired by engineers without changing the eco-friendly
characteristics of the material.

Therefore, wood modification has become the chosen method used to overcome some
of its perceived weak points that are mainly related to low resistance to bio–deterioration
against fungi, insects, termites, marine borers, moisture sensitiveness, low dimensional
stability, low hardness and wear resistance, low resistance to UV irradiation and weathering
in general, and aesthetic properties. This increased interest in wood modification has led to
several key publications [1–3].

The bulk of recently commercialised wood modification processes has occurred in
Europe [4], with particular focus on thermal modification. Industrial thermal modification
processes typically aim at improving the biological durability of less durable wood species
and enhancing the dimensional stability of the wood or wood-based products. Stamm
et al. made the first systematic attempts to increase the resistance to wood-destroying fungi
by heating wood beneath the surface of molten metal, showing that heating Sitka spruce
to between 140 and 320 ◦C resulted in reduced swelling, improved dimensional stability,
and increased resistance to microbial attack [5]. The success of the method was, however,
limited, and the work was extended with a focus on different gaseous atmospheres by
Thunell and Elken [6], and with heating beneath molten metal by Buro [7,8]. However,
much of the commercial activity in thermal modification has been derived from the research
of Burmester [9–12], and these pioneering works have been the basis of several successful
thermal-modification processes. In 1990, the Finnish Research Centre VTT together with
the Finnish industry developed the ThermoWood® process, which was established as
an industrial process for the improvement of wood properties [13–15]. This process was
officially launched by the ThermoWood Association in 2000, with the introduction of
the treatment classes Thermo-S and Thermo-D. In parallel to the establishment of the
ThermoWood® process, there have been other commercial developments across Europe,
including the Netherlands [16–18], France [19–21], Germany [22,23] and Denmark [24].

One of the most common characteristics reported for thermal modification is the
darkening of the colour of treated wood, which is a result of the degradation of products
formed during the thermal modification. Studies have shown the importance of radicals to
the formation of colour [25], with high correlation between colour and the levels of degra-
dation of hemicelluloses and lignin having also been reported [26]. Further studies [27]
found correlations with both types of softwood hemicelluloses, namely, glucomannan
and xylan. Both temperature and treatment time have an effect on the wood colour [28].
It has also been reported that colour formation is affected by the presence of air during
the thermal modification of maritime pine and eucalyptus (Eucalyptus globulus Labill.)
wood [26] and by moisture content in Norway spruce at 200 ◦C [29] or during the thermal
modification process [30] when treating Norway spruce and Scots pine under pressurised
and superheated steam.

Early studies have suggested that colour measurement can be used as a quality control
measure. For example, Sullivan [31] gave an overview of wood colour measurement
and investigated various influencing factors. Other studies have shown a relationship
between colour measurements and the different properties of thermally modified wood.
Kamperidou and Barmpoutis [32] suggested a reasonably good relationship be-tween
lightness (L*) parameter values and measured bending or impact bending strength of
thermally treated Scots pine wood. As a result, it was postulated that the mechanical
strength of thermally treated Scots pine under the specific conditions (in the presence of
oxygen) could be determined by measuring only the colour brightness of the wood surface.
This would provide considerable savings in terms of both time and material, given the
non-destructive nature of the measurement. Brischke et al. [33] suggested that there was a
linear correlation between the measured colour data and the thermal modification intensity
for Norway spruce, Scots pine, and European beech, which was confirmed by Pleschberger
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et al. [34] for spruce and ash. Sikora et al. [35] considered the relationship between colour
and chemical composition of spruce and oak at temperatures between 160 and 210 ◦C,
whereas various commercial treatments (ThermoWood®, Plato®, and Retification) of Scots
pine were considered by Sivrikaya et al. [36] in order to compare colour changes and
VOC composition.

More recently, the potential of using colour parameters as a quality control system
for wood modified by the ThermoWood® process was suggested [37], with these results
forming an essential part of the current quality control system applied by the International
ThermoWood Association [38], and supported by a multi-year evaluation of colour data of
industrially produced ThermoWood® [39].

The issue of quality control is an integral part of commercial development to ensure
declared properties are continually met. The same is true for thermally modified wood,
which is made more confusing given the vast number of thermal modification procedures
that are currently available on the market [40]. There have been several attempts to
assess various quality control methods for thermally modified wood [41], though several
methods are seen as unsuitable for commercial applications given the destructive nature
of the test. In order to undertake more extensive evaluations, a “group method of data
handling (GMDH)” neural network was applied to western hemlock that underwent
thermal modification between 170 and 230 ◦C [42]. Once trained, the neural network
was used to predict a variety of properties, with predictions more accurate for chemical
properties (e.g., equilibrium moisture content, swelling, and water adsorption) than for
physical properties (e.g., MOE and hardness).

However, it is imperative to ensure the method selected is supported by assessment
and approval through an external certification institute. Among more recent assessment
methods for predicting the quality of thermally modified wood has been the use of light
polarisation [43], which was partly based on earlier work by Niskanen et al. [44] using the
effective refractive index of unmodified and thermally modified wood via an immersion
liquid method.

The changes that occur in wood at temperatures below 40 ◦C are mainly attributed to
physical changes such as the emission of water and volatile extractives (i.e., terpenes) [45].
Some minor chemical changes probably start to occur in the interval of 40–90 ◦C, predom-
inately due to certain extractives. It has been mentioned that temperatures higher than
140 ◦C induce changes in physical or mechanical properties in wood structure, which are
correlated with the chemical transformations in its cellulose, hemicellulose, and lignin
components, as well as extractives. These take place through a series of oxidation, hy-
drolysis, and/or decarboxylation reactions coupled with mass and heat transfer. The
type of chemical reactions occurring and their intensity, as well as the final properties,
are directly influenced by the treatment temperature, time, and/or amount of water, type
of atmosphere, and the type of wood species [40,46]. Among other analytical methods,
vibrational spectroscopy is a well–known and easy–to–use technique through which it
is possible to obtain rapid information and identify the small changes in the chemistry
of wood components induced by the above-mentioned parameters. Several researchers
have used near–infrared (NIR) and mid–infrared (IR) spectroscopy to evaluate the effect
of the thermal modification at different temperatures and different wood species [47–50].
Although NIR spectroscopy in correlation with multivariate data analyses is the most
common spectroscopic method used to model the MOE and MOR of treated wood [48],
to estimate the hardness and density [51] or to predict the crystallinity degree [52], the
evaluation of the chemical composition or physical properties has been investigated by
mid-infrared spectroscopy [46,53,54]. Recently, the moisture distribution in thermally mod-
ified Scots pine has been assessed using hyperspectral NIR [55], realising a new application
for determining the drying characteristics of thermally modified timber.

Principal component analysis (PCA) is a multivariate statistical technique that can
be used to give detailed information extracted from a dataset; therefore, it can be used to
control and process the monitoring and classification of product origin [56]. The underlying
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idea in PCA is to convert the complex multi–dimensional data into the dimensionally
reduced PCA space. The input data set is decomposed into two matrices of interest:
scores and loadings. The scores matrix describes the samples in the PC space, whereas
the loadings matrix defines the new axes of the dimensionally reduced data set. With
PCA, the most important features of the spectra can be identified, and the band shifts and
non-symmetries in the bands between the samples can be quickly determined [57,58].

Generally, during thermal modification, mechanical resistance decreases and wood
becomes more rigid and fragile, depending on the type of treatment (maximum treatment
temperature, heating rate, treatment time, atmosphere) [49], wood species, and its charac-
teristic properties, or the initial moisture content of the wood. It is considered that wood
treatment at lower temperatures (i.e., under 150 ◦C) does not bring the desired properties,
whereas wood treatment at higher temperatures (over 150 ◦C) induces chemical modifica-
tions in its structure that provide better biological durability, but at the same time reduced
mechanical properties [59]. It has been mentioned that with thermal modification of wood
resulting in a weight loss of less than 10%, MOE remains generally unchanged, whereas
MOR starts to decrease from the early stages of modification [27].

Most studies on the thermal modification of wood have been done on laboratory
tests and the results are of limited value for industrial scale [60]. The present study
investigated thermally modified Norway spruce and Scots pine wood using the industrial
ThermoWood® process and aims to combine colour measurements with structural changes
and mechanical properties. To do so, colour measurements, bending strength, hardness,
and infrared (FT-IR) spectroscopy coupled with principal component analysis were used.

2. Materials and Methods

Both the Norway spruce (Picea abies L.) and Scots pine (Pinus sylvestris L.) used in this
study were obtained from round timber felled and further processed in Finland. The sawn
timber was dried in conventional industrial kilns before thermal modification to average
moisture contents between 15% and 18%, then subsequently thermally modified in two
identical ca. 70 m3 industrial treatment chambers (SWM-Wood, Mikkeli, Finland).

Defect-free sections of sawn timber of varying length (between 1.2 m and 1.6 m)
were cut from randomly selected sawn-timber pieces from a batch production of approx.
70 m3 before and after the specific thermal modification condition. From the defect-free
sections, specimens were cut out for the different tests presented in this study. Thus, this
study focuses on using a random test selection, whereby colour measurements fall within
the range accepted for Thermo–S and Thermo–D based on more than 10 years of data
collected [37,39].

All material used in this study was treated according to the certified ThermoWood®

process, a registered trademark of the International ThermoWood® Association [61]. Two
treatment classes have been defined within the commercialised processing, namely, Thermo–
S treated at 190 ◦C and Thermo–D treated at 212 ◦C, where S and D refer to “stability”
and “durability,” respectively, based on the recommended applications according to EN
335 [62]: Use Classes 1 and 2 for Thermo–S and Use Classes 1, 2, and 3 for Thermo–D.

The thermal modification process was carried out in a high-temperature chamber
using superheated steam without adding any additional chemicals into the wood. The
manufacturing process was carried out in a one-stage system starting with pre–dried
timber and finishing with the final product. Within that stage, the process consisted of the
following consecutive phases:

• Phase 1—Warming up the wood and kiln (90 to 100 ◦C);
• Phase 2—High–temperature kiln drying (100 to 130 ◦C) and mild thermal modification

(130 to 190 ◦C);
• Phase 3—Intensive thermal modification for 2 to 3 h at a temperature dependent on

the treatment class (Thermo–S = 190 ± 3 ◦C, Thermo–D = 212 ± 3 ◦C);
• Phase 4—Cooling to a temperature between approximately 80 and 90 ◦C and recondi-

tioning to a final moisture content between 4 and 7%; and
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• Phase 5—Final cooling down to ambient temperature.

2.1. Infrared (FT–IR) Spectroscopy and Principal Component Analysis (PCA)

Infrared spectra were recorded on an ALPHA Bruker FT–IR spectrometer in ATR
mode, using a diamond crystal accessory. All spectra were collected between 4000 and
400 cm−1 with a spectral resolution of 4 cm−1. Twenty recordings were made for each
board, with 5 boards used for each type of wood/treatment; therefore, for each untreated
and treated species a total of 100 spectra were collected.

For the initial structural assessment, an evaluation was made on the average spectrum
obtained from these 100 recordings. Processing of the spectra, including the second
derivative spectra, was done using the OPUS 7.5 program (Bruker Corporation).

For principal component analysis (PCA), all pre-treated spectra in the 1400–1185 cm−1

region were used. Processing was done in the Origin 2021 program (OriginLab Corporation).

2.2. Colour Measurements

Wood-colour measurements were undertaken using a Minolta Chroma Meter CR410
(Konica Minolta Sensing Inc., Japan), which measured the tristimulus values (X, Y, Z)
on the 2◦ standard colorimetric system as described within the draft standard CIE DS
014-4.3/E:2007 [63]. The measured values were converted into L*, a*, and b* according to
CIELAB convention according to Equations (1)–(9).

L* = 116f (Y/Yn) − 16 (1)

a* = 500[f (X/Xn) − f (Y/Yn)] (2)

b* = 200[f (Y/Yn) − f (Z/Zn)] (3)

where
f (X/Xn) = (X/Xn)1/3 if (X/Xn) > (6/29)3 (4)

f (X/Xn) = (841/108)(X/Xn) + 4/29 if (X/Xn) ≤ (6/29)3 (5)

and
f (Y/Yn) = (Y/Yn)1/3 if (Y/Yn) > (6/29)3 (6)

f (Y/Yn) = (841/108)(Y/Yn) + 4/29 if (Y/Yn) ≤ (6/29)3 (7)

and
f (Z/Zn) = (Z/Zn)1/3 if (Z/Zn) > (6/29)3 (8)

f (Z/Zn) = (841/108)(Z/Zn) + 4/29 if (Z/Zn) ≤ (6/29)3 (9)

where X, Y, and Z are the tristimulus values of the test colour stimulus based on the CIE
1931 standard colorimetric system defined in CIE S 014-1 [64], and Xn, Yn, and Zn are the
corresponding tristimulus values of a specified white stimulus.

In order to determine the colour difference ∆E between two different colours, calcula-
tions according to Equation (10) were undertaken to ascertain the difference between two
points in this CIELAB space, thus providing the colour change as a result of the thermal
modification process.

∆E* = (∆L*2 + ∆a*2 + ∆b*2)1/2 (10)

Circular colour measurements (measurement diameter 50 mm) were undertaken on
planed tangential surfaces of the unmodified and modified wood specimens that had been
maintained at 65% RH/20 ◦C prior to analysis, with 10 recordings for each board and a
total of five boards used for each type of studied sample, with average values used for
subsequent calculations.
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2.3. Bending Strength

The modulus of rupture (MOR) was determined in conjunction with the modulus of
elasticity (MOE) with a 4–point destructive bending test in the radial direction according
to EN 408 [65]. Six test pieces with dimensions of 200 × 10 × 10 mm (L × R × T) were
prepared from each specimen, which were stored under standard conditions (20 ◦C, 65%
RH for a period of 10 days prior to determining their respective weights, densities, and
equilibrium moisture content) and subsequently tested in a Hounsfield tensile tester (Tinius
Olsen Ltd., Horsham, PA, USA). The load was increased constantly so that the applied
maximum load (Fmax) was reached within (300 ± 120) seconds. The MOR was determined
by Fmax and the MOE between 0.1 Fmax and 0.4 Fmax, with average results along with
standard deviation.

2.4. Hardness

Brinell hardness was measured according to a modified version of EN 1534 [66,67],
i.e., indentation depth instead of the indentation diameter. Measuring the indentation
depth instead of the indentation diameter was found to be preferable due to the anisotropic
properties of wood leading to elliptical indentations without clear borders. A Zwick Roell
ZwickiLine 2.5 TS universal testing machine equipped with a 2.5 kN load cell (ZwickRoell
GmbH & Co. KG, Ulm, Germany) and a steel ball 10 mm in diameter were used. The
test load was increased to the target load of 1 kN over 15 s, where it was held for 25 s.
Afterwards, the force was released over 15 s and the depth of the residual indentation was
measured. Brinell hardness values were calculated according to Equation (11):

HB =
F

Dπh
(11)

where F is the test force in N, D is the ball diameter in mm, and h is the indentation depth
in mm.

For each specimen, a total of six replicate measurements on the tangential surface
were performed to realise average values with standard deviation.

3. Results and Discussion

Generally, during thermal modification, chemical changes take place in the wood
structure depending on many conditions (treatment temperature, treatment time, atmo-
sphere, etc.). Therefore, at high temperatures (in our case, 190 and 212 ◦C), wood undergoes
some structural modifications, including the reduction of hydrophilic OH groups and their
replacement with O-acetyl groups in both hardwoods and softwoods [46,49,68]. These
are due to a series of simultaneously occurring reactions, which further promotes the
crosslinking between the reactive radicals, significantly reducing the re-absorption of
water molecules and formation of hydrogen bonds between the water and the wood poly-
mers. Apart from the reduction of the hydrophilic OH groups, a series of volatile organic
compounds (VOCs) are produced, which are released or remain trapped in the wood
structure [49,68].

From all wood components, hemicelluloses start to degrade first and are most affected
by the thermal treatment due to their lower molecular weight and branched structure [69],
as demonstrated by reports of significant decreases in hemicellulose content [29,49].

Hemicellulose degradation occurs via deacetylation reactions, with the release of the
acetic acid, which assists in catalytic depolymerisation. As a consequence, the degree of
crystallinity of the cellulose increases temporarily at treatment temperatures between 160
and 200 ◦C (depending on the wood species) [49,69]. In addition, due to the degradation of
hemicelluloses there is an apparent increase in the lignin content [70]. Thermal modification
also induces the cleavage of the β–O–4 linkages between the lignin phenylpropane units,
as well as lignin demethoxylation, resulting in further crosslinking [50,71,72].
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3.1. Fourier Transform Infrared (FT–IR) Spectroscopy and Principal Component Analysis (PCA)

Infrared spectra of the untreated and ThermoWood® Norway spruce and Scots pine
wood presented in Figure 1a represents the average of 100 individual spectra obtained
for every sample set. The average spectra were divided in the two main regions, namely,
the 3750–2700 cm−1 region, assigned to different stretching vibrations of the OH groups
and H-bonds, as well as to methyl and methylene groups, and the 1850–800 cm−1 region,
assigned to specific stretching vibration and deformation bands belonging to all wood
components. Generally, the wood spectra are formed by overlapping of the individual
vibration bands; therefore, for a better evaluation of the differences taking place in the
wood structure during the ThermoWood® process, the second derivative spectra were
performed (Figure 1b).

Forests 2021, 12, 1165 8 of 25 
 

 
(a) 

 
(b) 

Figure 1. Average infrared spectra (a) and their second derivatives (b) of the untreated and ThermoWood® Norway spruce 
and Scots pine. 

In the 1800–800 cm-1 region, bands assigned to stretching and deformation vibrations 
of all wood components were observed. Compared to untreated timber in both Thermo-
Wood® Norway spruce and Scots pine, differences in the spectra as well as their second 
derivatives were identified. 

The band from 1738 cm-1 presented a small shoulder at 1705 cm−1 in untreated timber, 
whereas in Thermo–S and Thermo–D wood, the band was shifted to a higher wave-
number (1741 cm−1) and decreased slightly in intensity. The shoulder became a well-de-

Figure 1. Average infrared spectra (a) and their second derivatives (b) of the untreated and
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The spectrum of untreated timber shows the characteristic bands of softwoods with
a large band at about 3345/3343 −1 (Norway spruce/Scots pine), which is an envelope
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of the specific bands assigned to inter- and intramolecular hydrogen bonds in the wood
components, and the band from 2900/2923 −1 (Norway spruce/Scots pine), which in
this case is an envelope of the symmetric and antisymmetric stretching vibration of the
methyl and methylene groups (Figure 1a). From Figure 1b it can be observed that the
first band was composed of several sub-bands, such as 3411/3407, 3343/3344, 3281/3281,
3229/3221, and 3073/3074 cm−1 (Norway spruce/Scots pine) assigned to O2–H2· · ·O6
intramolecular stretching modes (in cellulose), O5–H5· · ·O3 intramolecular in cellulose,
O6–H6· · ·O3 intermolecular in cellulose Iβ, O6–H6· · ·O3 intermolecular in cellulose Iα,
and multiple formation of an intermolecular hydrogen bond between biphenol and other
phenolic groups (in lignin) [46,73]. During the thermal modification, for the band from
3344 cm−1 no difference was observed in Norway spruce wood spectra, but it was shifted
to 3343 and 3340 cm−1 in Scots pine wood spectra. The band from 3281 cm−1 was shifted to
a higher wavenumber with about 4/3 cm−1, whereas the band from 3229/3221 cm−1 was
shifted to a higher wavenumber with 6/13 cm−1. The shifting of the band’s maxima and
the reduction of the entire band indicate a reduction in the amount of –OH groups due to
different reactions taking place, i.e., the oxidation and/or hydrolysis of acetyl groups from
hemicelluloses, as well as dehydration reactions and condensation reactions of lignin [2,74].

The band from 2900/2923 −1 (Norway spruce/Scots pine, respectively) was composed
of individual bands at 2930/2927 and 2864/2858 cm−1 in untreated Norway spruce and
Scots pine timber, respectively, whereas in the thermal modified timber three bands at 2934,
2898, and 2868 cm−1 were observed for Norway spruce and at 2961, 2925, and 2857 cm−1

for Scots pine. The shifting of the maxima of these bands was due to the structural and
relative composition modifications in carbohydrates, as well as lignin.

In the 1800–800 cm−1 region, bands assigned to stretching and deformation vibrations
of all wood components were observed. Compared to untreated timber in both Thermo-
Wood® Norway spruce and Scots pine, differences in the spectra as well as their second
derivatives were identified.

The band from 1738 cm−1 presented a small shoulder at 1705 cm−1 in untreated
timber, whereas in Thermo–S and Thermo–D wood, the band was shifted to a higher
wavenumber (1741 cm−1) and decreased slightly in intensity. The shoulder became a well-
defined band with a higher intensity and shifted to 1696 cm−1. These bands were assigned
to the carbonyl group stretching vibration of esters/aldehydes and aromatic/conjugated
aldehydes and esters [73,75]. It is considered that the band from 1741 cm−1 was due almost
exclusively to carbonyl groups of acetoxy groups in xylan, its decrease indicating the
breaking down of acetyl or acetoxy groups in xylan [76,77], but also to the formation of
carbonyl and carboxyl groups due to oxidation [35,76,78]. The increase in the intensity
of the band from 1696 cm−1 might have been due an increase in acetyl, carbonyl, and
carboxyl groups resulting from the condensation reactions taking place with cleavage of
the aliphatic side chains and β–O–4 bonds in lignin [77] or carboxylation reactions taking
place in carbohydrates [74,79]. For Thermo–S and Thermo–D Norway spruce timber, a
band from 1705 cm−1 was not observed. The only observation in the derivative spectra
was a slight intensity decrease combined with a width increase in the band from 1737 cm−1

and shifting towards a lower wavenumber.
A decreased intensity in the band from 1656/1658 cm−1, with a shift toward 1650/

1652 cm−1, respectively, and the disappearance in the thermal modified Norway spruce
and Scots pine of the band located at 1638 cm−1, was also observed. These bands were
assigned to C=C double bonds in conjugated carbonyl groups in lignin and conjugated
C–O in quinones and to adsorbed water molecules in wood [46,73,80]. The decrease in
intensity of the first band could have been due to the cleavage of the acetyl groups, a
phenomenon occurring during the thermal decomposition of hemicelluloses, but also
during decomposition and condensation reactions from lignin [46]. The disappearance
of the later band (from 1638 cm−1) indicates the more hydrophobic nature of the thermal
modified timber compared to the untreated one, with less adsorption of water molecules
into the wood structure.



Forests 2021, 12, 1165 9 of 24

In thermal modified timber, an increase in the intensity of the bands from 1592 and
1509 cm−1 assigned to aromatic skeletal stretching vibration was observed [46,73,77], which
indicate an apparent increase in the lignin content. This increase was more pronounced in
Scots pine than in Norway spruce. The observed modification was due to the degradation
of hemicelluloses with the formation of volatile products and pseudolignin and is in
accordance with the findings reported by others [75].

The appearance of a new band at 1336 cm−1 was observed in both wood species
spectra (again, with higher modification occurring in the Scots pine wood spectrum) and
increased intensity for the band from 1315 cm−1 was identified in the thermal modified
timber. Both bands were assigned to C–H stretching vibration in cellulose and hemicellu-
loses, OH–bending vibrations of the free phenolic hydroxyl groups, and C–H stretching
vibration in S and G lignin condensed units, as well as to CH2 rocking vibration in cellu-
lose [46,73,75]. This indicates the presence of lignin condensation reactions taking place
during the thermal modification.

Furthermore, the bands from 1225 and 1211 cm−1, which appeared as one large, com-
bined band in the untreated Scots pine wood, could be observed as well-defined separate
bands in modified timber at 1227/1228 (Thermo–S and Thermo–D) and 1206/1204 cm−1

(Thermo–S and Thermo–D). At the same time, the band from 1206/1204 cm−1 presented
higher intensity in both Norway spruce and Scots pine modified wood species. These
bands were assigned to the C–O–C stretching vibration mode of the pyranose ring and
the C–O and C=O stretching vibration in lignin and hemicelluloses [46,73,75]. Nuoppo-
nen et al. [75] specified that the band from about 1206 cm−1 might also be assigned to
aliphatic esters, lactones, and carboxylic acids, which have the C–O stretching band near
1200 cm−1. Furthermore, the degradation of amorphous carbohydrates was evidenced
by the increase in intensity of the bands from 1159 and 1107 cm−1 assigned to the C–O–C
and C–O stretching vibration in carbohydrates mainly for the crystalline regions from
cellulose [46,73,75].

Increased intensity was also observed for the band from 1028/1027 cm−1 (Norway
spruce/Scots Pine) assigned to the C–O ester stretching vibrations in methoxyl and β–O–4
linkages in lignin, as well as the C–O stretching vibration in carbohydrates [46,73,80].
Because the hemicelluloses were degrading, the intensity increase of this band was most
probably due to the formation of alcoholic structures in lignin.

A clear image of the modifications taking place in the wood component structure
was difficult to obtain due to many overlapping bands resulting from the hemicelluloses,
cellulose, and lignin. Therefore, the interpretation of the spectral data was improved by
combining them with multivariate analysis techniques. Among them, principal component
analysis (PCA) is the most used technique in the qualitative analysis of spectral data.
Generally, PCA is described by principal component scores and loadings. The scores give
information about similarities and dissimilarities between the sample’s groups, whereas
the loading plots indicate which absorption bands cause the differences observed between
the sets of samples [46,75,81].

Untreated and ThermoWood® Norway spruce and Scots pine could be distinguished
by the score plots of the first (PC1) and second (PC2) components performed for all spectra
in the 1400–1185 cm−1 region (Figure 2). Even though PC1 described 86%/93% from
the data variance and PC2 only 12%/4%, it could be observed that PC2 was the most
informative latent variable for differentiation between the samples. Therefore, positive
values on PC2 and mainly negative ones on PC1 could be observed for both untreated
wood species. Thermo–S showed PC1 values close to the axis, whereas the values for PC2
were divided evenly between negative and positive values. The last series, the Thermo–D
samples, presented mainly positive PC1 values and negative PC2 values.



Forests 2021, 12, 1165 10 of 24

 

in the 1400-1185 cm−1 region (Figure 2). Even though PC1 described 86%/93% from the 
data variance and PC2 only 12%/4%, it could be observed that PC2 was the most informa-
tive latent variable for differentiation between the samples. Therefore, positive values on 
PC2 and mainly negative ones on PC1 could be observed for both untreated wood species. 
Thermo–S showed PC1 values close to the axis, whereas the values for PC2 were divided 
evenly between negative and positive values. The last series, the Thermo–D samples, pre-
sented mainly positive PC1 values and negative PC2 values. 

(a) (b) 

Figure 2. Principal component (PC) scores performed on infrared spectra in the 1400–1185 cm−1 region for untreated and 
ThermoWood® Norway spruce (a) and Scots pine (b). 

The loading line plots (presented in Figure 3) indicate that the most significant dif-
ference for PC1 between the untreated and thermal modified timbers was due to the bands 
assigned to C–H deformation in cellulose and hemicelluloses and aliphatic C–H stretching 
vibration in −CH3 groups in lignin [46,73] at about 1392/1384 and 1359/1362 cm−1 (Norway 
spruce/Scots pine), C–H stretching vibration in cellulose and hemicelluloses, as well as 
C1–O in syringyl derivatives from lignin [46,73] at 1334/1335 cm−1 (Norway spruce/Scots 
pine); to the C–H rocking vibration in cellulose [46,73] at 1314/1315 cm−1 (Norway 
spruce/Scots pine); to C–H bending vibration in cellulose and C–O stretching vibration in 
lignin (especially C–O linkage in aromatic methoxyl groups in guaiacyl units) [46,73] at 
1276/1272 cm−1 (Norway spruce/Scots pine); to C–O–C stretching vibration in pyranose 
ring as well as C–O stretching vibration in lignin and hemicelluloses [46,73] at 1235/1231 
cm−1 (Norway spruce/Scots pine); and to C=O stretching vibration in lignin and hemicel-
luloses [46,73] at 1202/1203 cm−1 (Norway spruce/Scots pine). 

  

Figure 2. Principal component (PC) scores performed on infrared spectra in the 1400–1185 cm−1 region for untreated and
ThermoWood® Norway spruce (a) and Scots pine (b).

The loading line plots (presented in Figure 3) indicate that the most significant differ-
ence for PC1 between the untreated and thermal modified timbers was due to the bands
assigned to C–H deformation in cellulose and hemicelluloses and aliphatic C–H stretch-
ing vibration in −CH3 groups in lignin [46,73] at about 1392/1384 and 1359/1362 cm−1

(Norway spruce/Scots pine), C–H stretching vibration in cellulose and hemicelluloses,
as well as C1–O in syringyl derivatives from lignin [46,73] at 1334/1335 cm−1 (Norway
spruce/Scots pine); to the C–H rocking vibration in cellulose [46,73] at 1314/1315 cm−1

(Norway spruce/Scots pine); to C–H bending vibration in cellulose and C–O stretch-
ing vibration in lignin (especially C–O linkage in aromatic methoxyl groups in guaiacyl
units) [46,73] at 1276/1272 cm−1 (Norway spruce/Scots pine); to C–O–C stretching vibra-
tion in pyranose ring as well as C–O stretching vibration in lignin and hemicelluloses [46,73]
at 1235/1231 cm−1 (Norway spruce/Scots pine); and to C=O stretching vibration in lignin
and hemicelluloses [46,73] at 1202/1203 cm−1 (Norway spruce/Scots pine).
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Norway spruce (a) and Scots pine (b).

On the other hand, the difference observed between the samples in the PC2 loading
plots were due to the bands from 1383/1387 cm−1, 1347/1349 cm−1, 1326/1326 cm−1,
1305/1300 cm−1, 1258/1255 cm−1, and 1225/1226 cm−1 (Norway spruce/Scots pine)
assigned mainly to C–H deformation vibration in cellulose and hemicelluloses and aliphatic
C–H stretching vibration in –CH3 groups in lignin, C–H stretching vibration in cellulose,
and C1–O stretching vibration in lignin; –CH2 rocking vibration in cellulose; C–O linkage
in guaiacyl aromatic methoxyl groups in lignin and acetyl groups in hemicelluloses; and
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C–O–C stretching vibration in pyranose ring, as well as C–O stretching vibration in lignin
and hemicelluloses [46,73].

The chemical modification resulting from the treatment in ThermoWood® Norway
spruce and Scots pine was responsible for their new properties. Overall, the infrared spectra
and PCA of ThermoWood® Norway spruce and Scots pine confirm that hemicelluloses
and lignin were most sensitive to heat treatment. As a consequence, increased intensities of
mainly aromatic bands in lignin were observed, as well as the bands assigned to crystalline
regions in cellulose. The presence of the water during the warming up stage of the treatment
acted as a softener for the wood structure, providing a certain flexibility for the cell wall
components. Furthermore, the high temperature used during the treatment increased
the mobility of the molecular chains in the wood cell wall. Both factors promoted the
structural rearrangements aside from the degradation reactions [82,83], which could result
in the formation of new irreversible hydrogen bonds within hemicelluloses and cellulose.
The results obtained herein are in agreement with the chemical changes determined by
Esteves et al. [84,85] through their study of the wet chemistry of heat-treated pine.

It had been mentioned in literature that the darkening of wood during the thermal
modification is due to the changes in lignin structure, which is “richer than carbohydrates
in latent chromophoric groups” [27]. It was also noted that modifications taking place
between 1700–1600 cm−1 were associated with quinone formation, due to condensation
reactions taking place in lignin.

Quinones absorb in the visible region of the electromagnetic spectrum and are con-
sidered to be the main structures inducing colour changes in the thermal treatment of
wood [27]. The colour change due to heat treatment has also been associated with Mail-
lard reactions taking place between sugars, phenolic compounds, and amino–acids, or
with oxidative reactions that can take place between the extractives and the atmospheric
gases [27,86].

3.2. Colour Measurements

Bond cleavage and further oxidation and dehydration of polysaccharides, as well as
the β–O–4 bonds and methoxyl groups’ cleavage and lignin condensation reactions, in-
duced the formation of new chromophore and quinone structures, which were responsible
for the colour changes [35]. To evaluate the differences in the colours developed by Norway
spruce and Scots pine wood during the treatment, the colour was measured. The average
measurement data and their standard deviations are presented in Table 1 and the colour
guidelines for ThermoWood® Norway spruce and Scots pine as defined within quality
control document FC–2 Thermally Modified Timber [38] are presented in Table 2.

Table 1. Colour measurements for untreated, Thermo–S, and Thermo–D Norway spruce and Scots
pine wood. stD—standard deviation.

Sample Lightness (L*) Red-Green Colour
Parameter (a*)

Yellow-Blue Colour
Parameter (b*)

Colour Difference
(∆E*)

Average stD Average stD Average stD Average stD

Norway spruce
Untreated 82.55 1.16 3.40 0.44 20.19 1.04
Thermo–S 59.53 3.25 7.50 0.28 24.41 1.14 23.84 3.35
Thermo–D 51.75 1.33 8.78 0.19 24.53 0.68 31.60 1.69

Scots pine
Untreated 82.73 1.26 3.87 0.61 21.21 0.86
Thermo–S 59.94 3.13 7.90 0.37 25.60 1.19 23.63 2.99
Thermo–D 49.99 2.02 8.92 0.30 23.15 1.52 33.23 2.37
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Table 2. Current colour guidelines for ThermoWood® Norway spruce and Scots pine as defined
within quality control document FC-2 Thermally Modified Timber (TMT) 2014 [38].

Class L* a* b*

Thermo–S 58–68 8–10 –
Thermo–D 45–55 – 19–24

Untreated Norway spruce and Scots pine timber presented similar L* (lightness)
values of 82.55 and 82.73, whereas the a* and b* parameters were slightly different, namely,
a* of 3.40 and 3.87 and b* of 20.19 and 21.21 for Norway spruce and Scots pine, respectively.

Analysing the parameters before and after the thermal modification, one can observed
that the highest changes took place for the L* values, which decreased for both wood species
to about 59 for Thermo–S (representing a decrease of about 28%) and 51/50 (representing a
decrease of about 34/39%) for Thermo–D Norway spruce and Scots pine. The variation
of the L* values due to thermal modification has been highly reported in the scientific
literature [33,35,87,88] and was attributed to the formation of new compounds absorbing
in visible light [89].

In contrast, the a* parameter increased for both wood species with the increase in
temperature of the treatment, with about 55/51% for Thermo–S and about 61/57% for
Thermo–D (Norway spruce/Scots pine). At the same time, the b* parameter indicated
increased values compared to untreated timber, with about 17% for Thermo–S and with
about 18/9% for Thermo–D Norway spruce and Scots pine.

The decrease in the L* value reduced the brightness, whereas the increase in the a*
value represents a shift toward the red colour, and the increase in the b* value represents a
shift toward the yellow colour after thermal modification. The increase in a* values was
associated with the volatilisation of phenolic extractives, responsible for conferring the
red colour to the wood, whereas the variation of b* values might have been due to the
degradation of the chromophoric groups from lignin and wood extractives.

The L* values obtained in our case are in agreement with the data specified in the
colour guidelines for ThermoWood® Norway spruce and Scots pine, falling between 58
and 68 for Thermo–S and between 45–55 for Thermo–D. On the other hand, the recorded a*
values were under the values given in the guidelines for ThermoWood® Norway spruce
and Scots pine, indicating slightly less redness.

Using the colour–measuring parameters (L*, a* and b*), the colour difference (∆E*),
which represents the overall colour changes of the modified timber in comparison to the
same measurements of untreated timber, was calculated (see Table 1). The results indicate
that higher treatment temperature resulted in greater colour changes, with the ∆E* values
being about 24 for Thermo–S and about 33/31 for Thermo–D Norway spruce and Scots
pine wood. A ∆E* value higher than 6 is classified as a major colour change [90,91].

∆E* values were plotted against PC1 and PC2 scores for Norway spruce (Figure 4a)
and Scots pine (Figure 4b). As can be observed, both scores contributed to the separation
of the colour difference between the different thermal treatments for both wood species.
Higher separation between parameters can be observed for the Scots pine wood samples.
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Additional L*, a*, and b* parameters were plotted as a function of PC1 and PC2 scores.
From Figure 5 we can observe a good cluster separation for the L* and a* parameters
when plotted as a function of both PC scores for both Norway spruce and Scots pine, but
no cluster separation was observed when the b* parameter was plotted as a function of
PC scores.

3.3. Modulus of Elasticity and Modulus of Rupture

In order to determine the mechanical properties of the reference and modified spec-
imens, data were collected to ascertain density and moisture content (M.C.), as well as
the measured modulus of elasticity (MOE) and modulus of rupture (MOR), as shown in
Table 3.

Table 3. Overview of selected properties of unmodified and modified Norway spruce and Scots pine
specimens. stD—standard deviation.

Density (stD)
(kg/m3) M.C. (stD) (%) MOR (stD)

(N/mm2)
MOE (stD)
(N/mm2)

Norway spruce
Untreated 440.8 (25.8) 13.05 (0.70) 66.63 (7.76) 9762 (1243)
Thermo–S 425.6 (42.6) 8.87 (0.62) 65.50 (12.66) 12377 (1815)
Thermo–D 448.1 (40.6) 5.87 (0.82) 71.69 (12.08) 13603 (2510)
Scots pine
Untreated 486.4 (32.2) 13.22 (0.41) 71.29 (9.90) 10198 (2369)
Thermo–S 449.8 (29.5) 8.76 (0.65) 58.42 (12.38) 9694 (2005)
Thermo–D 453.4 (41.1) 8.27 (0.94) 61.40 (10.36) 10737 (1853)

It is important to note that the values shown in Table 3 refer to samples direct from
commercial production. As a result, there are no baseline values for untreated samples.
However, it was interesting to note the exceptionally high density for Thermo–D Norway
spruce. Visual examination of the samples prior to testing noted denser annual ring growth
for Norway spruce samples compared to those for Scots pine. The corresponding M.C.
values for Norway spruce show the expected reduction in moisture due to the intensity of
the thermal modification.
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In Figure 6, the measured modulus of elasticity (MOE) and the modulus of rupture
(MOR) values for the untreated and ThermoWood® Norway spruce and Scots pine wood
are presented. The MOE and MOR values for untreated timber were similar, but they varied
for the Thermo–S and Thermo–D treated wood species, being higher for Norway spruce
wood as a result of the higher–than–expected density of the Thermo–D samples. However,
the statistical variation bars show a degree of overlap between all specimens tested.
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Figure 6. MOE (a) and MOR (b) measured for untreated and ThermoWood® Norway spruce and Scots pine. Figure 6. MOE (a) and MOR (b) measured for untreated and ThermoWood® Norway spruce and Scots pine.

Generally, MOE was less affected, whereas MOR was more affected by the thermal
modification. For Norway spruce, MOR indicated an increase in the values for the Thermo-
D treatment, whereas Scots pine showed a slight decreasing trend with the increase in
temperature. At the same time, the variability in the individual MOR values for this set of
samples was larger.

The alteration of the mechanical properties was considered to be due to the loss
of hemicelluloses, as well as the modification of the lignin structure. The decrease in
hemicellulose content and the modification of the lignin structure was also observed
through infrared spectroscopy.

Kocaefe et al. [92] mentioned in their study that the MOE values “can decrease or even
increase slightly depending on the treatment conditions.” Won et al. [93] observed increased
values for thermal treated Pinus densiflora compared to untreated samples. Herrera-Builes
et al. [91], using specimens of 410 × 25 × 25 mm (L x R x T), found an increase in MOR
of about 47 and 22% after thermal modification of wood at 170 and 190 ◦C, respectively,
whereas MOE increased by 4 and 10%, respectively. The authors mentioned that the
increase in mechanical properties might have been due to the condensation reactions in
lignin and the rearrangement and crystallinity increase of cellulose, which may have acted
as a “hardener” [91,94].

When plotting the MOE as a function of PC1 and PC2 scores (Figure 7), one can
observe better cluster separation with the PC1 scores for Norway spruce, whereas for Scots
pine there was some cluster separation of the untreated and thermal modified timber with
the PC2 scores.
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species between untreated and thermal modified timber, but no real cluster separation
could be identified between the b* parameter and MOE/MOR values (Figure 9).
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During thermal treatment, the wood components start to degrade, eliminating volatile
organic compounds; the crystallinity of cellulose increases; and condensation and crosslink-
ing reactions taking place in lignin or lignin and other compounds. It has been reported [69]
that hemicelluloses start to degrade first due to their lower molecular weight and branched
structure. Their degradation results in a reduced amount of hydroxyl groups and the
release of formic and acetic acids, which act as catalysts for further decomposition of lignin
and cellulose and the formation of cross–linked structures. All these induce a decrease in
the hygroscopicity of the wood and an improvement in the dimensional stability, but the
strength properties of the wood are reduced [95,96].

3.4. Brinell Hardness

The calculated hardness values for the untreated and ThermoWood® Norway spruce
and Scots pine were determined at points corresponding to the total Brinell hardness,
where the load was still being applied (HBD), and the plastic component of the Brinell
hardness (HBP), measured after the load had been released, in order to determine the
elastic recovery of the specimens (Table 4). The Brinell hardness values after the release
of force for the sample groups are presented in Figure 10. The results in Table 4 seem
to suggest that although there was a slight reduction in total Brinell hardness between
untreated and treated specimens, there was a general reduction in the elastic recovery
between Thermo–S and Thermo–D pine. The increased value noted for Thermo–D spruce
may be partly attributed to the higher density of these specimens.

Table 4. Brinell hardness results for unmodified and ThermoWood® treated Norway spruce and
Scots pine. stD—standard deviation.

Density (stD)
(kg/m3)

M.C.
(stD) (%)

HBD (stD)
(N/mm2)

HBP (stD)
(N/mm2)

Elastic Recovery
(stD) (%)

Norway
spruce

Untreated 440.8 (25.8) 13.05 (0.70) 10.05 (0.56) 15.81 (1.89) 35.94 (4.45)
Thermo–S 425.6 (42.6) 8.87 (0.62) 8.66 (1.07) 12.16 (2.38) 27.72 (5.89)
Thermo–D 448.1 (40.6) 5.87 (0.82) 8.59 (0.49) 12.81 (1.16) 32.68 (3.77)
Scots pine
Untreated 486.4 (32.2) 13.22 (0.41) 9.73 (1.46) 13.33 (2.70) 26.30 (4.29)
Thermo–S 449.8 (29.5) 8.76 (0.65) 9.02 (1.59) 11.85 (2.57) 23.36 (3.73)
Thermo–D 453.4 (41.1) 8.27 (0.94) 9.13 (1.07) 11.86 (1.80) 22.63 (3.41)
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The results show a decrease in hardness for the Thermo–S and Thermo–D Norway
spruce and Scots pine comparing to the untreated timber, with average values of about
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15.8 and 13.3 N/mm2 for untreated Norway spruce and Scots pine, 12.2 and 11.9 N/mm2

for Thermo–S Norway spruce and Scots pine, and 12.8 and 11.9 N/mm2 for Thermo–D
Norway spruce and Scots pine, respectively.

The results obtained from the ThermoWood® Norway spruce and Scots pine are in
correlation with the literature data; the hardness decreased with the increase in tempera-
ture [93,97,98].

To identify the possible correlation between the PCA and mechanical tests, the PC
scores were plotted against the measured hardness values. The Brinell hardness plotted as
a function of the PC1 and PC2 scores for the untreated, Thermo–S, and Thermo–D Norway
spruce and Scots pine is presented in Figure 11. As can be observed, there was no real
differentiation between the untreated and modified timber when hardness was plotted
against the PC1 score, with all the values overlapping. When the hardness was plotted
against the PC2 scores, we could observe a certain differentiation between the untreated
and the two thermal modifications, with only a partial overlapping.
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Figure 11. Brinell hardness measured after release of the force plotted as a function of PC1 and PC2
scores for untreated and ThermoWood® Norway spruce and Scots pine.

Similar to MOE and MOR, when plotting L*, a*, and b* parameters as a function of
Brinell hardness, better cluster separation for L*, a*, and Brinell hardness for both wood
species between untreated and thermal modified timber was observed, though no real
cluster separation could be identified between the b* parameter and Brinell hardness values
(Figure 12).
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4. Conclusions

Despite the advances in using colour as a key parameter for quality control of thermally
modified wood [38,39], additional evidence to support quality control would enhance the
commercial properties of products such as ThermoWood®. In this research, Norway spruce
and Scots pine sawn timber, thermally modified via the ThermoWood® process, were
evaluated for structure, colour, and mechanical property changes, as well as the correlation
between them. To do so, infrared spectroscopy and principal component analysis, colour
measurements, hardness, and bending strength were used. With infrared spectroscopy
and PCA, it was possible to identify the structural changes at the molecular level. They
indicated a modification in amorphous carbohydrates as well as in lignin. At the same
time, by using PCA, it was possible to differentiate between untreated and modified wood.
The colour measurements showed a decrease in the L* value and an increase in the a* and
b* values, indicating reduced brightness, and a shift toward the red and yellow colours
after thermal modification. Moreover, by using the ∆E* and PC scores, it was possible to
differentiate between the two modification processes (Thermo–S and Thermo–D).

Hardness was found to decrease in thermally modified wood, whereas the MOE and
MOR showed limited changes in values for modified wood compared to unmodified ones.
This might be due to the modifications at the molecular level between the wood compo-
nents, such as condensation reactions in lignin and the rearrangement and crystallinity
increase of cellulose. However, the higher-than-expected density of Thermo–D Norway
spruce specimens played a significant role in the limited differences noted.

By using the mechanical properties and PC scores, it was possible to differentiate the
untreated wood from the modified ones, but no real differentiation was observed between
the two modification regimes. This was possible when the colour parameters were used
instead of the PC scores.

The combination between infrared spectroscopy, colour measurements, and mechan-
ical tests can give valuable information on large sets of samples, thus contributing to a
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greater understanding of quality control. This is particularly important when considering
large data sets, as would be generated with industrial production and quality control, given
that the combination of these measurements can prevent the elimination of material from
tested sets of samples.

The results within this paper suggest that current quality assurance methods [38,39]
can be additionally supported by assessing the correlation between colour, mechanical
properties, and infrared spectroscopy studies.
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Colour as a quality indicator for industrially manufactured ThermoWood®
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ABSTRACT
Since its market entry in 2001, ThermoWood® has become the most established form of thermal
modification globally. Whilst its properties have been widely reported, there is still a need for a
readily-applied quality control method to ensure treatments meet the criteria outlined by the
International ThermoWood Association. One such method for quality control has focussed on the
use of colour measurements. In the largest study of its kind, colour measurement data have been
evaluated for Norway spruce and Scots pine subjected to the Thermo-D ThermoWood® process at
twelve industrial plants between 2007 and 2018. This showed that the colour measurement
according to the CIELAB* colour space on newly planed surfaces of thermally modified timber
(TMT) may be used for quality control of the ThermoWood® Thermo-D process with regard to
process intensity, i.e. the combined effect of temperature (212 ± 3°C) and time. In order to obtain
more robust control, only the L* parameter (lightness) should be used as a quality indicator, as
both a* and b* parameters for the TMT showed little variation from those of the unmodified wood
and too high a scatter in values.
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Introduction

The heating of wood without chemical additives and with a
limited supply of oxygen to prevent oxidative combustion,
i.e. thermal modification, is a generally accepted and com-
mercialised procedure for improving some characteristics of
wood. The ThermoWood® process, where the heating is
carried out in atmospheric superheated steam, is currently
the most frequently used process worldwide (Jones et al.
2019).

Industrially, thermal modification is certified by recording
the temperature and duration of the process, but this
affects the colour of the wood, and measurement of the
wood colour is thus an indirect measure of the treatment
intensity that is well established (Sandberg et al. 2021). For
thermally modified timber (TMT) processed according to
the ThermoWood® procedure, the quality is specified accord-
ing to both the production and the quality of the TMT, as
shown in Table 1 (Finotrol 2017). The temperature and time
for the process, as well as the moisture content (MC) and
equilibrium moisture content (EMC) of the treated product,
are well-established quality parameters for the control of
the ThermoWood® process, but, to date, this has not been
the case for colour data. Torniainen et al. (2016) have
confirmed, however, that the colour of thermally modified
timber after the surface layer has been removed by planing
is measurable and predictable, with a margin of error that is
acceptable for a commercial application.

The purpose of the present study was to evaluate colour
data for Norway spruce and Scots pine TMT treated under
industrial conditions according to ThermoWood® Thermo-D
treatment, the hypothesis being that colour measurement
provided a robust method for the quality control of Thermo-
Wood® TMT over long periods of time, and that the suggested
colour-parameter values (Table 1) were adequate for fulfilling
the quality requirements determined by the treatment temp-
erature and time, and by the MC and EMC of the product.

Materials and method

Colour measurements (L*, a* and b* spatial parameters,
where L* indicates lightness, and a* and b* are respectively
red/green and blue/yellow parameters, respectively) were
carried out on Norway spruce and Scots pine TMT from 12
industrial producers applying the ThermoWood® process.
Measurements were undertaken between 2007 and 2018.
The thickness of the sawn timber was either 25, 32, 38 or
50 mm (as defined by typical timber dimensions for industrial
modification), and the timber was either dried in a conven-
tional industrial kiln before thermal modification to an
average moisture content between 14% and 22%, or was
treated directly from the green condition. The volume of
the industrial treatment chambers varied between 20 and
100 m3. Table 2 summarises the process conditions at the
different plants evaluated in this study.
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All the material used in this study was treated according to
the certified ThermoWood® process (Anon 2021), a registered
trademark of the International ThermoWood Association. All
the producers have a process certified according to specifica-
tions defined by the International ThermoWood Association.
The process and products were monitored by an external
inspection body to ensure that the certification requirements
were fulfilled, and to guarantee that the timber reached the
requirements for either the Thermo-S or the Thermo-D
quality class according to treatment intensity (Table 1). In
this study, only timber treated in accordance with the
Thermo-D classification (212 ± 3°C in phase 2) was included,
due to the low production volume of Thermo-S during the
study period. The process control of the modification kiln
was based either on measurements of the air conditions in
the kiln or on direct measurement of the timber during treat-
ment (pin measurements). All the studied TMT fulfilled the
quality requirements determined by the treatment tempera-
ture and time, the evaluation of treatment parameters and
their conformity being based on the auditors’ competence
and the historical screen data shown and analysed.

The colour was measured on newly planed surfaces (planing
depth 2-3 mm) and on surfaces without any visual defects or
remarkable discrepancies from normal wood. A desk-calori-
meter device of type Minolta Chroma Meters CR310 with a
diameter of the measured region of approx. 50 mm was used.
Six measurements were made on each piece of TMT and 6–20
sawn-timber pieces were used for each kiln batch (in most
measurements 15 pieces). The device and recording procedure
between the different years and producers were the same as
previously described (Torniainen et al. 2016).

Results

The average colour-measurement values and their standard
deviations are presented in Figure 1. In the colour guidelines

for ThermoWood®, Norway spruce and Scots pine are judged
as a single species, which is supported by the results in this
study. It was not, with a few exceptions, possible to statistically
separate the colour data between the different years, showing
that the colour-measurement method was robust over time.

The L* values for both Norway spruce and Scots pine are
well within the quality-requirement interval of 45–55 (see
Table 1). No guidelines for the a* values for Norway spruce
and Scots pine are specified in quality control document
FC-2 “Thermally Modified Timber” (Finotrol 2017) presented
in Table 1. Based on the data from this study, such an interval
is suggested to be between 8 and 11 for the a* parameter. The
b* values for Norway spruce were in most cases within the
quality-requirement interval 19–24 (see Table 1), but not for
Scots pine, possibly because of the formation of quinones
(González-Peña and Hale 2009) or because of the difference
in colour in Scots pine between heartwood and sapwood.

Due to the large standard deviation in both a* and b*
values and the overlap in values for TMT and unmodified
Norway spruce and Scots pine (Figure 1 and Table 1), it is
not recommended to use either a* or b* as a principal
quality control for TMT. These parameters can, however,
support the quality evaluation with the L* parameter (see Tor-
niainen et al. 2016).

Conclusion

It is confirmed that the measurement of wood colour is a
robust method for the quality control of ThermoWood®
Thermo-D treated Norway spruce and Scots pine under
industrial conditions. The L* parameter is the most stable
and is maintained well within currently specified limits. The
long-term data evaluation suggests, in contrast to earlier
studies, that a* and b* should only be used as supporting
parameters with the L* values as the quality control
parameter.

Table 1. Colour guidelines for ThermoWood® Norway spruce and Scots pine as currently defined within Finotrol (2017). Colour values for untreated timber (newly
planed surfaces) are given as a reference. Temp. and Time – treatment temperature and time in phase 2 of the process, MC is moisture content at colour
measurements and EMC equilibrium MC at 20°C and 65% RH.

Class Temp. (°C) Time (h) MC (%) EMC (%) L* a* b*

Thermo-S 190 ± 3 2–3 4–7 6–8 58–68 8–10 –
Thermo-D 212 ± 3 2–3 4–7 4–6 45–55 – 19–24
Untreated Norway spruce – – 18 12 82 ± 1.2 4 ± 0.9 19 ± 1.7
Untreated Scots pine – – 18 12 84 ± 0.8 4 ± 1.4 19 ± 1.7

Table 2. Process conditions for the 12 ThermoWood® process plants studied between 2007–2018. Kiln size: small < 20 m3, medium 20–60 m3, large > 60 m3.

Plant No. Year of measurements Initial MC Species Thickness (mm)
Process
control Size of kiln

1 2010–2012, 2015–2017 pre-dried/green pine 25, 32 wood small
2 2007–2008, 2013–2014, 2016, 2018 pre-dried/green pine 32 air large
3 2009–2010, 2013, 2016 pre-dried pine, spruce 25,32, 38, 50 wood small
4 2010, 2012–2016, 2018 pre-dried pine, spruce 25, 32, 38, 50 wood large
5 2009–2011, 2014, 2016–2018 pre-dried pine, spruce 25, 32, 38, 50 wood/air large
6 2010–2011, 2013–2015, 2017 pre-dried pine, spruce 25, 32, 50 wood small
7 2011, 2013–2014, 2017 pre-dried pine, spruce 25, 38, 50 wood large
8 2008, 2010–2011, 2013, 2016 pre-dried pine, spruce 32, 38, 50 wood small
9 2010–2011, 2016 pre-dried pine 25 air medium
10 2014 pre-dried spruce 25, 38 air large
11 2015, 2018 pre-dried pine 25 wood large
12 2018 pre-dried pine, spruce 25, 32 wood large
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ABSTRACT 

 
During the thermal modification, wood is normally exposed to temperatures between 

160 - 220°C.  As a result physical and chemical changes are taking place and some of 

the wood properties are changed. Dimensional stability and weather resistance are 

improved. On the other hand the mechanical strength properties are usually negatively 

affected by the treatment. The visual appearance is also changed. There were two 

different types of thermal modification processes used in this study. One of them was 

using saturated steam and the other one superheated steam. Treatment temperature was 

160°C in saturated steam process and 185°C in superheated steam. The wood specie 

used in this study was Silver birch (Betula pendula). In the chemistry part the acid 

content was investigated. Despite the 25°C lower treatment temperature, birch modified 

in saturated steam was more acidic compared to birch modified in superheated steam. 

Some differences in equilibrium moisture content (EMC) and dimensional stability were 

found mainly in the environment T=20°C and RH=85%. The colour of birch treated in 

saturated steam at 160°C was darker than the colour of birch treated in superheated 

steam at temperature 185°C.  

 

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

 

 

INTRODUCTION 
 

Environmental aspects have increased interest to develop new, alternative wood 

modification methods. Thermal modification using adjustable treatment parameters is 

one of them. Thermal modification of wood causes both chemical and physical changes. 

The changes depend on different factors such as process, treatment parameters, wood 

species, moisture content and sometimes even on dimension of treated wood. Usually 

the thinner, having smaller cross-section samples are easier to treat. The major part of 

property changes during the treatment process are caused by chemical reactions taking 

place in the wood cell structure. It is well known that hemicelluloses are degrading 

during thermal modification process (Stamm 1956, Kollman and Fengel 1965, 

Tjeerdsma et al 1998, Sivonen et al. 2002). Acetyl groups of hemicelluloses are split of 

during heating and as a result acetic acid is formed (Kollman and Fengel 1965). In 

hardwoods, acetic acid formation is mainly due to the degradation of the hemicellulose 

glucuronoxylan (Theander and Nelson 1998). Low- molecular organic aids such as 

acetic and, especially, formic acid are volatile and are difficult to collect and analyse 

(Sundqvist et al. 2006). Dimensional stability of heat treated wood is related to 
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degradation of polysaccharides and hemicelluloses as they can bond water in cell wall 

and are greatly influenced by the process. This degradation process leads to formation 

of products that interact less with water but also to evaporation and leaching during the 

heat treatment. It is well known that cellulose in wood contributes considerably to its 

mechanical properties. Sundqvist et al. (2006) found that treatments for birch at 180°C 

for 1 to 2.5 hours reduced strength and hardness significantly. Losses in mechanical 

properties can be linked to the mass loss and increase in formic and acetic acid 

concentrations. Time and especially the heat-treatment temperature have a significant 

influence on changes in colour. It has been shown that hygrothermally treated birch has 

a rapid decrease in lightness early in the heat treatment process and at fairly low 

temperature between 160°C and 180°C  
 

 

MATERIAL AND METHODS 

 
Raw material and processes 

 
Wood specie used in this study was Silver Birch (Betula pendula) from Eastern part of 

Finland. Birch was through and through sawn and seasonally dried and then further kiln 

dried in vacuum to moisture content approximately 12%. The drying temperature was 

kept fairly low in order to avoid any type of discoloration. After kiln drying the 4 – 4.5 

meter long and 32 mm thick boards were cut into three parts. One part was used as a 

reference, second and third parts were thermally modified in superheated and saturated 

steam respectively. Number of boards in each batch was 20. Density of untreated wood 

was 543 kg/m
3
 as an absolute dry. Superheated modification was carried out in a typical 

kiln drying chamber. The process is commonly known as a Thermowood® process. The 

process is using steam as a heat transfer medium and an inert blanket to limit oxidative 

processes. Normally in Thermowood process the treatment temperatures are varying 

between 180°C-215°C. Treatment temperature used in this study was 185°C having two 

hours duration in maximum temperature. These treatment parameters meet the 

requirements set for class Thermo-S. The process using saturated steam is carried out in 

a pressurized (5-8 bar) autoclave cylinder while the process using superheated steam is 

operating all the time at normal atmosphere in a typical drying chamber. There is not 

any particular, intensive drying phase during the process. Process is semi-closed having 

a possibility to release pressure if necessary. Treatment temperature used in this process 

was 160°C having one hour duration in maximum temperature. 

 

Test methods 

 

Colour measurement 

The colour of wood was measured from planed and defect free surface. There were 

three measurement points in each sample, taken into consideration the whole width of 

the board.  The shown value is the average from these measurements. The colour 

measurement device used was Minolta Chroma Meter CR210. It measures the colour in 

a three dimensional colour space according to CIE L*a*b* system and standard. L*a*b* 

colour space uses rectangular coordinates.  In this colour space, L* indicates lightness 

varying between L*= 0 (black)...L*=100 (white), a* and b* are the chromaticity 

coordinates.  In chromaticity diagram a* and b* indicate colour directions: +a* (red) 

direction, -a* (green) direction, +b* (yellow) direction, and –b* (blue) direction. 

 



45 

 

Equilibrium moisture content (EMC) 

EMC was determined in conditioning chamber with constant 20
o
C temperature and 

three different relative humidity (RH) settings; RH 35 %, / RH 65 % / RH 85 %. Size of 

the samples was 200 (l) x 100 (w) x 20 (t) mm. All the tested batches had 22 samples. 

The final moisture content was determined by using oven dry method.   

 

Dimensional stability 

Dimensional stability was determined in same conditions as EMC tests. Dimensions of 

the samples were measured in longitudinal, tangential and radial direction. The results 

are expressed as a swelling percentage (%) and then compared to absolute dry (0%) 

dimensions. 

 

Acidity (pH) 

The samples for the tests were milled from defect free boards. The saw dust (1g) was 

mixed with 20 ml water solution with 3% NaCl and put in ultrasonic bath for 120 

minutes. The pH was measured with pH meter Metrohm 744. Titration of acid 

equivalents in the solutions was performed with sodium hydroxide (NaOH) 0.01002M. 

Measurements were repeated after 24 and 96 hours before the solutions were finally 

neutralized. 

 

 

RESULTS 
 

Colour measurements (L*a*b*) 

 

The colour measurements showed that both the treatments result in significant L*-value 

decrease (Fig. 1). The average L*-value of saturated steam treated birch was 52.7. The 

L*-value of birch treated in superheated process was 2.8 L*-units lighter even though 

process temperature was 25°C higher. No colour difference was observed when outer 

and inner surfaces from each sample were measured. Difference in a*-value between 

the treatments was 1.6 units, indicating slightly more redness after process in saturated 

steam. Difference less than 0.2 units in b*-value was observed. 

 

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

 L* std a* std b* std 

Reference 80.92 0.97 4.41 0.39 17.01 1,1 

Superheated 185°C 55.48 2.15 8.19 0.32 19.89 0.67 

Saturated 160°C 52.72 2.20 9.81 0.82 19.73 1.28 

 

 

 



46 

 

 
Fig. 1. The colour L*-values and standard deviation (std). 

 

 

Equilibrium moisture content and dimensional stability 

 

EMC of untreated birch in RH 85% was 15.2%. The difference to birch treated in 

saturated steam was 5.0% and even bigger compared to birch treated in superheated 

steam 6.8%. Dimensional stability was determined by measuring dimensions of samples 

in three different relative humidity conditions. This test showed that birch treated in 

superheated and saturated steam performed similarly in all RH (Fig. 2).  

 

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

relative humidity conditions. 

 

Acidity 

 

The pH of birch treated in saturated steam (pH 2.90) was lower than the pH of birch 

treated in superheated steam (pH 3.54). As presented in Table 3. acid content of birch 

treated in saturated steam was more than three times higher than in superheated steam 

treated birch.      
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Table 3. Measured pH, consumed alkali during titration and acid contents (mainly 

acetic acid) of thermally modified birch. 

Sample pH 

Consumed alkali, 

NaOH [ml] 

(Acetic) acid 

content* [%] 

Saturated 160°C 

2.9

0 

43.2 

2.90 

Superheated 185°C 

3.5

4 

15.7 

0.97 

Reference 

4.0

3 

- 

0.39 

*Acetic acid content was determined on the rough assumption that most of the titrated 

acid equivalents arise from acetic acid 

 

 

DISCUSSION 
 

There is only small L*a*b* colour value difference between birch treated in saturated 

steam at 160°C and superheated steam at 185°C. The difference is less than three units 

in lightness (L*) and 1.5 units in redness (a*).  EMC of thermally modified birch with 

both the treatment methods was significantly lower than EMC of untreated birch. The 

difference in EMC between untreated and thermally modified birch increases with 

higher relative humidity (RH). Birch modified in saturated steam at 160°C is clearly 

more acidic compared to birch modified in superheated steam at 185°C. Some 

preliminary bending strength and Brinell hardness tests were carried out as well. 

Reduction of bending strength is bigger than expected in saturated steam process. This 

might have the consequence that the heat treatment temperature should be decreased 

and the operating moisture content of wood optimized. Any significant difference in 

hardness was not detected.   

 

 

CONCLUSIONS 

 
Both the thermal treatments carried out in either superheated or saturated steam in this 

study result in several positive properties. First of all improved dimensional stability 

and weather resistance are the desired characteristics. But there are also properties 

which are requiring compromises and optimization regarding the process and 

parameters used during the process. Thermal modification in saturated steam produces 

more acidic birch compared to thermal modification in superheated steam. This might 

have consequences, requiring more research e.g. concerning surface treatment and 

fixation.     
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