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ABSTRACT 
The world’s political and economic decisions are increasingly determined by resource and 

energy scarcity and by climate change. In these circumstances, a balance must be achieved 
between economics, ecology and social welfare, which was put forward at the end of the 20th 
century and has been irrevocably linked to forestry ever since. It is essential that the forest 
sector is placed at the centre of the developing bio-based economy. The value of the forest for 
mankind and the environment is irrefutable, and the value of the multitude of products made 
of wood is of great importance, socially, economically and environmentally. Over the last 
fifty years, sawn timber in particular has largely disappeared from many technological 
applications diminishing its contribution to sustainability in the one area where it could be 
most significant: as a substitute for energy-intensive materials (e.g., in the built environment). 
However, there is currently a resurgence of interest in timber products due to the 
environmental benefits they provide, a phenomenon that other industrial sectors are well 
aware of. This paper discusses the role of thermal wood processing in a sustainability of 
resource utilization context and what thermal wood processing should achieve to contribute to 
the European low-carbon economy. 

INTRODUCTION 
Forest-based industries are continually developing advanced processes, materials and 

wood-based solutions to meet evolving demands and increase competitiveness. One of the 
emerging treatments involves the combined use of temperature and moisture, where force can 
be applied, so that one speaks of thermo-hydro (TH) and thermo-hydro-mechanical (THM) 
processes. Figure 1 show a simplified synoptic diagram of the most common TH and THM 
processes based on what is achieved through the process. Thermal wood processing (thermal 
treatment) involves temperatures between 100 and 300°C and can have two distinctly 
different purposes: a) softening the wood in steam or water to release internal stresses and 
making the wood easier to further processing, or b) controlled degradation of the wood 
involving temperatures between 150 and 260°C with the purpose to improve shape stability 
and decay resistance. 
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FIGURE 1. Classification of thermo-hydro (TH) and thermo-hydro-mechanical 
(THM) processes (Navi and Sandberg 2012). 

 
The heat treatment of wood above 300°C is of limited practical value due to the severe 

degradation of the wood material. Wood ageing is a further development of the classical 
thermal-treatment processes currently used industrially. Wood ageing operates in a 
temperature range between wood drying and thermal treatment (100-150°C) and the negative 
effects that a classical thermal treatment normally has on the strength and brittleness of wood 
are therefore reduced. TH processing is also applied in many other processes that can be 
attributed to reconstituted wood products. The THM processes include three main areas of 
modification namely joining, densification and shaping of wood.  

In the recent decades developments in the area of thermal treatment have accelerated 
considerably. During the 1980s, French and Japanese industries began to modify wood with 
help of heat in order to increase the resistance to microbial attack. Since then, the interest in 
thermal treatment has increased all over the world. Thermal treatment is wood modification 
in a strict sense, since the material undergoes chemical changes. The process essentially 
involves a controlled degradation of the wood primarily resulting in the destruction of 
hemicelluloses. The underlying reason for applying thermal treatment is the increasing 
demand for environment-friendly high-durability wood, i.e. to increase the service life of 
wood materials without the use of toxic chemicals.  

The purpose of this paper is to present the role of thermal wood processing in a 
sustainability of resource utilization context and what thermal wood processing should 
achieve to contribute to the European low-carbon economy. 
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BIOECONOMY IN EUROPE 
For many years to come, the world’s political and economic decisions will be determined 

by resource and energy scarcity and by climate change as a topic related to the consumption 
of fossil energy. In these circumstances, a balance has to be achieved between economics, 
ecology and social welfare that can be summed up as sustainability, which was put forward at 
the end of the 20th century and has been inseparably linked to forestry ever since.  

The forest sector and wood-based industries are challenged by this change and feel that it 
is important to participate in the sustainability debate. This is for obvious reasons, as they 
themselves first put forward the concept of sustainability that is nowadays related to the 
global economy. Indeed, nobody questions the value of the forest for mankind and the 
environment, and nobody questions the value of the multitude of products made of wood. 
Wood, and especially sawn timber, has during the last fifty years to a large extent 
disappeared from technological applications (Radkau 2007) so that its contribution to 
sustainability fails to appear in the one area where it would be most significant, as a substitute 
for energy-intensive materials.  

Wood is in volume the most important renewable material resource (Rowell 2002). The 
utilization of wood in all aspects of human existence appears to be the most effective way to 
optimise the use of resources and to reduce the environmental impact associated with 
mankind's activities. However, as timber possesses good but not outstanding properties, this is 
not an easy thing to achieve, and in view of the new materials emerging it becomes noticeably 
more difficult. The only properties it has that reign supreme are ecological fitness and, possibly, 
a low cost.  

In the European Union (EU) measures are being discussed in economics and science that 
seek to improve the sustainability of resource utilization. European Policy is affecting and, 
indeed, directing current research, development and marketing in the EU. The main policies 
having a direct impact on the forest-based sector are the EU Sustainable Development Strategy 
“SDS” (European Commission 2009), which was published in 2006, and revised in 2009, the 
EU Roadmap 2050 (European Commission 2011), and the recycling society directive 
“Directive 2008/98/EC” (European Parliament Council 2008). The forest-based sector can 
considerably contribute to the European Commission’s ambitious CO2 emissions reduction 
goal of 80% reduction by 2050, i.e. Roadmap 2050, with innovative production technologies, 
reduced energy consumption, increased wood products recycling, and the reuse and refining 
of side-streams. 

The need to reduce the whole-life energy consumption of buildings has highlighted the role 
that wood can play in construction. When buildings have net zero energy consumption, a major 
part of their overall environmental burden consists of their embodied energy and the associated 
greenhouse gas emissions. Compared with other construction materials the energy needed to 
convert a tree into the final product is significantly lower, resulting in wood products having a 
low embodied energy.  

It is vital that wood can be used effectively through the whole value chain, from forest 
management and multiple uses of forest resources through new wood and fibre-based materials 
and processing technologies to new end-use concepts. The fossil fuel consumption, potential 
contributions to the greenhouse effect and quantities of solid waste tend to be minor for wood 
products compared to competing products (Werner and Richter 2007). Impregnated wood 
products tend to be more critical than comparative products with respect to toxicological effects 
and/or photo-generated smog, depending on the type of preservative. Unfortunately, the 
number of Life Cycle Assessment (LCA) studies of wood–based composites and modified 
wood is relatively limited, they are geographically specific, and utilise of a variety of databases 
and impact assessment protocols. The aim of the “carbon economy” is to mitigate climate 
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change and promote sustainable development in Europe by reducing energy consumption, 
pollution and emissions while increasing performance.  

As a consequence of increased competition from traditional and new industries based on 
renewable resources, the forest resources must be considered to be limited. There are forecasts 
showing that, already in 2020, the European consumption of wood can be as large as the total 
European combined forest growth increment (Jonsson et al. 2011). According to the 
Communication “Innovating for Sustainable Growth: A Bio-economy for Europe” Europe 
needs radically change its production, consumption, processing, storage, recycling and 
disposal of resources. Thus, bio-economy is considered as one of the key elements for smart 
and green growth in Europe. The Strategic Research and Innovation Agenda for 2020 of the 
Forest-based Sector and the Horizons - Vision 2030 for the European Forest-based Sector see 
this sector as a key actor and enabler of the bio-based society. 

THERMAL PROCESSING OF WOOD 
Thermal treatments of wood have been investigated for many years and are now 

commercialized.  In the beginning of the twentieth century, the use of heat and moisture in 
wood processing came into focus, and it was observed that wood dried at a high temperature 
changes colour, and has a greater dimensional stability and a lower hygroscopicity (Tiemann 
1915; Koehler and Pillow 1925). After the First World War, comprehensive studies were 
made of the effect of the kiln drying temperature on the strength of wood for the aviation 
industry in the United States (Wilson 1920). Systematic research on how to improve wood 
properties by thermal treatment has been made of the US-based group around Alfred Stamm 
in the 1940th, and in Germany by Burmester (1973). The exact method of treatment can have 
a significant effect on the properties of the modified wood, and the most important process 
variables are: the treatment atmosphere, the choice of closed or open system, the choice of 
wet or dry systems, the use of a catalyst, the wood species, the time and temperature of 
treatment, and the dimensions of the material. Table 1 shows the processing conditions for 
the some well-known thermal processes in Europe. 

One of the first commercial thermal-treatment units in Europe was based on Burmesters 
work and started in Germany around 1980, but was never industrialized in a great scale 
(Giebler 1983). It was not until 1990, when finish researchers together with industry 
developed the ThermoWood process, that thermal treatment got established as an industrial 
process for improvement of wood properties. This process is licenced to members of the 
Finish ThermoWood Association. 
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Table 1. Examples of thermal-treatment processes and their processing conditions. 
Process App. 

Year  
Initial 
MC (%) 

Temperature* 
(°C) 

Process 
duration (h) 

Pressure (MPa) Media for heat 
transportation 

Comments 

FWD process 1970 10-30 120-180 Ca.15  0.5-0.6 Steam Closed system 
ThermoWood 1990 10 to 

green 
130/185-
215/80-90 

20/5-8/5-15 Atmospheric Steam Continuous steam flow through the 
wood under processing that removes 
volatile degradation products 

Plato 1980 14-18 150-180/170-
190 

4-5/70-120 
up to 2 
weeks 

Super 
athmospheric 
pressure (partly) 

Saturated 
steam/hot air 

A two stage process 

Retification 
process  

1990 
 

Ca. 12 160-240 9-24  Nitrogen  

OHT-process 2000 10 to 
green 

180-220 2-4 up to ca. 
20 

 Vegetable oils Closed system 

WTT process 2000 12 160-180 40 Up to 1 Steam + ev. oil Closed system 
Treatment temperature for different stages of the process is separated by “/” 
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Physical changes in wood due to heat treatment 
Thermal treatment significantly influences the properties of the wood, e.g. the 

hygroscopicity and dimensional stability, resistance against fungi and insects, mechanical 
properties, and also properties such as colour, odour, gluability and coating performance. 

In general, most thermal treatments, even at mild temperatures, decrease the 
hygroscopicity of wood, i.e. its capacity for reabsorption of moisture from the air, 
although this effect may be eliminated upon saturation with water. Because of the loss of 
hygroscopic hemicellulose polymers during thermal treatment, the equilibrium moisture 
content (EMC) is reduced. Consequently, the swelling and shrinkage of thermal-treated 
wood were drastically reduced. On average, the equilibrium moisture content is reduced 
to about half the value of the untreated wood. It is known that the hygroscopicity of 
thermal treated wood can vary considerably with varying process parameters. Table 2 
shows a summary of the effect of thermal treatment on the EMC according to various 
authors. 
Table 2.  Reduction in equilibrium moisture content (EMC) in thermal treatment. 
Wood species Temperature Time Reduction in EMC Reference 
 (°C) (hours) (%)  

Fagus silvatica 180°C 4 40 Teichgräber (1966) 
 190°C 2.5 60 Giebeler (1983) 
Pinus pinaster 190°C 8−24 50 Esteves et al. (2006) 
Pinus sylvestris 220°C 

 
1−3 50 Anon. (2003) 

Eucalyptus globulus 190°C 2−24 50 Esteves et al. (2006) 
Pinus sylvestris Plato  50−60 Tjeerdsma (2006) 

 
Welzbacher and Rapp (2007) compared different types of industrially thermal-treated 

products using several different fungi in laboratory tests and in different field and 
compost conditions.  Table 3 shows the weight loss during an EN 113 (1996) test using 
three different fungi.  The thermal treatment in oil was the most effective, but the effect 
of the oil in the decay test is not known. Schwarze and Spycher (2005) reported that 
THM densified wood post treated at 180°C is more resistant to colonisation and 
degradation by brown-rot fungi. In contrast, results obtained by Welzbacher et al. (2008) 
showed that a “very durable” to “durable” THM densified wood is produced only when 
the thermo-mechanical densification is used in the combination with oil-heat treatment. 
Additionally, Skyba et al. (2008) found that THM treatment increased the resistance of 
spruce but not of beech wood to degradation by soft-rot fungi. Furthermore, Kutnar and 
co-workers (2011) determined that viscoelastic thermal compression (VTC) of hybrid 
poplar did not change decay resistance to fungi like Pleurotus ostreatus and Trametes 
versicolor. Additionally, Ünsal and co-workers (2008) found that specimens that were 
subject to thermal compression had higher mass losses after 12 week decay resistance test 
than control wood specimens. 
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Table 3.  Weight loss (%) of different woods after different thermal-treatment 
processes (Welzbacher and Rapp 2007). 
Material  Postia 

placenta 
Coriolus 
versicolor 

Coniophora 
puteana 

Control species     
Pinus sylvestris L.  1) 31.0   5.1 47.5 
Pinus sylvestris L. 2) 26.2 35.7 60.3 
Pseudotsuga menziesii F.   14.0   2.6 27.4 
Quercus petrea Liebl.  0.8 14.3   3.9 
Thermal treated wood Process    
Pices abies (L.) Karst. Plato 10.0   6.8   3.7 
Pinus sylvestris L. ThermoWood 16.0   9.0   1.9 
Pinus maritima Mill. Retification 13.3   7.8 12.2 
Pinus sylvestris L. OHT   7.4   5.6   3.4 
1) including both sap- and heartwood 
2) including only sapwood 

   

 
Table 4 presents a summary of other data on strength changes in thermal-treated 

wood.  In all cases, there was only a small decrease in MOE but major changes in MOR 
depending on temperature, time and atmosphere. 
 
Table 4.  Reduction in MOR in thermal treatment in relation to untreated wood 
(from Navi and Sandberg 2012) 
Species Treatment Process Reduction in MOR 

(%) 
Birch 
(Betula pendula) 

Vapour, 200°C 
3 hours 

ThermoWood 43 

Spruce  
(Picea orientalis) 

Air, 200°C 
10 hours 

Open system 40 

Pine 
(Pinus sylvestris) 

Oil, 220°C 
4.5 hours 

OHT 30 

Eucalyptus 
(Eucalyptus globulus) 

Vapour, 200°C 
10 hours 

Closed system 50 
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DISCUSSION AND OUTLOOK  
The awareness of climate change and its potentially disastrous consequences are 

stimulating a transformation towards sustainable development, with increasing economic 
efficiency, the protection and restoration of ecological systems, and the improvement of 
human welfare. Wood as a renewable biological raw material in numerous applications is 
therefore gaining in importance. This presents an opportunity for the forest-based sector 
to become a leader in achieving the European Commission’s ambitious target of reduced 
CO2 emissions with innovative production technologies, reduced energy consumption, 
increased wood products’ recycling, and the reuse and refining of side-streams (e.g. by 
utilising by-products). The systematic evaluation of materials databases shows that, in 
spite of the major achievements made in material science, timber as a structural material 
can hardly be outperformed by any other materials, that it even remains the first choice as 
far as plate bending is concerned, even outperforming carbon fibre composites, and that it 
is undisputedly unrivalled in terms of cost and environmental performance. These results 
show that timber is a high-performance material for structures, playing an essential role 
in construction and light weight design. Several of the species used by industry have 
deficiencies related to poor resistance to biological degradation and low shape stability 
that earlier could be reduced by e.g. preservation with more or less toxic substances that 
today is forbidden to use. Consequently, there has been a renewed interest in developing 
thermal processes in recent years. 

Energy and material are inseparable. In this context it should be recalled that the first 
energy transition took place in the industrial revolution and that the unlimited, cheap coal 
available also brought about a material transition towards iron and steel. Today’s energy 
transition is the reverse: It is at the expense of energy-intensive materials and would 
progress more quickly if savings on materials could be made or materials containing little 
embodied energy were be used. Forestry and the wood refining industry are stated to be 
capable of contributing considerably more to sustainable development if they managed to 
regain lost ground in technology. The forest can then contribute to environmental 
protection and sustainability in two ways: on the one hand, by extracting and retaining 
carbon from the atmosphere and at the same time limiting land erosion and, on the other 
hand, by replacing energy-intensive materials and construction techniques with 
innovative products. This would have the greatest impact.  

Thermal processing will be implemented to improve the intrinsic properties of wood 
and to obtain the form and functionality desired by architects, designers and engineers. 
High performance at low weight and low price creates a considerable market potential for 
thermal treated timber products that can replace energy-intensive materials and methods 
of construction, and reveal a great potential in construction, architecture, light weight 
construction, and furniture manufacture. Different modification processes and parameters 
yield modified wood with different properties suitable for a variety of product lines. 
However, they also have different environmental impacts, which are consequently 
transferred into the materials and final products. Interactive assessment of process 
parameters, product properties, and environmental impacts should be used to aid 
development of innovative modification processes and manufacturing technologies. 
Recycling, up-cycling, the cradle to cradle (C2C) paradigm, and end-of-life disposal 
options need to be integrated in a fully developed industrial ecology for modified wood 
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processes. New advances in wood-based material processing should support and promote 
efficient product reuse, recycling and end-of-life use, and pave the way to a low-
carbon economy. 

The low-carbon economy aims to mitigate climate change and promote sustainable 
development in Europe, by reducing energy consumption, pollution and emissions while 
increasing performance. Therefore, research into thermally based timber processing and 
the resultant products must place more emphasis on the interactive assessment of process 
parameters, developed product properties, and environmental impacts. Energy 
consumption contributes considerably to the environmental impact of thermally treated 
wood. However, the improved properties during the use phase might reduce the 
environmental impact of the thermally based timber processing. To achieve sustainable 
development, certain criteria within a framework of economic, environmental and social 
systems must also be followed. It is important to note that the effective use of wood 
throughout its whole value chain from forest management, through multiple use cycles, 
and end-of-life disposal can lead to a truly sustainable development. Therefore, in order 
to contribute to the low-carbon economy, thermal wood processing should implement the 
following: 

1. Establish a base line of environmental impacts. Identify and quantify the 
environmental loads involved, i.e. the energy and raw materials used, and the 
emissions and waste released. Then evaluate the potential environmental impacts of 
these loads, which should be followed by an assessment of the opportunities available 
to bring about environmental improvement. 
2. Reduce emissions by redesigning of existing technologies. 
3. Demonstrate a manufacturer’s commitment to sustainability and showcase the 
manufacturer’s willingness to go above and beyond. Therefore, Product Category 
Rules (PCRs), which include the requirements for Environmental Products 
Declarations (EPDs) for thermally processed wood, should be defined in an 
internationally accepted manner based on an open, transparent and participatory 
process. Furthermore, EPDs in which relevant, verified and comparable information 
about the environmental impact of products resulting from thermal processing of wood 
should be acquired. The EPDs can then be used as a proof of environmental claims in 
the public procurement arena. 
4. Develop an “upgrading” concept for recovered products resulting from the thermal 
processing of wood as a source of clean and reliable secondary wooden products for 
the industry. This will further strengthen their market competitiveness and 
sustainability and mitigate climate change by longer storage of captured carbon in 
wooden materials. 
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