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ABSTRACT 

Three softwoods (Picea abies Karst., Abies alba Mill. and Larix decidua Mill.) and five 
hardwoods (Quercus petraea Liebl., Fraxinus excelsior L., Fagus sylvatica L., Prunus 
avium L. and Robinia pseudoacacia L.) were treated at high temperature in vacuum 
conditions with TERMOVUOTO® technology. The laboratory prototype used for the 
tests is a one cubic meter unit, with an oil heating system and high efficiency fans, 
which allow the heat transfer through convection even under partial vacuum conditions. 
All the wood species were treated at different temperatures (from 160 to 220°C), 
different time (from 45 minutes to 5 hours) and under different pressure conditions (160, 
210, and 330 mbar). The treated material was physically characterized in terms of mass 
loss, color changes and equilibrium moisture content. Results show dissimilar behavior 
of various wood species and their different sensitivity to treatment schedules. 
Consequently, the series of tests performed allowed detailed characterization of the 
TERMOVUOTO® process and its effect on product quality. 

INTRODUCTION 

The difference between the industrial TM processes is the medium in which the wood is 
treated, e.g. it could be steam, water, nitrogen, or oil.  
The present study sheds light on a novel thermal modification process. TERMOVUOTO 
is a patented technology for thermal modification of wood in which oxygen inside the 
reactor is substituted by partial vacuum and heating is provided by forced convection. A 
scarcity of data and information on thermo-vacuum modification process for wood was 
found in the literature. Some generic citations were found in Hill (2006), and a 
comparison of mass loss of wood that was treated at high temperatures under vacuum 
conditions was published by Giordano (1986). Physical and mechanical properties of 
some hardwood timbers treated under vacuum and high temperature have been reported 
by Wetzig et al. (2012). A detailed description of thermal modification under vacuum 
for Spruce and Fir is currently in press (Allegretti et al. 2012) 
The TERMOVUOTO system has been designed to combine an efficient vacuum drying 
process with a thermal treatment process. According to Hill’s classification, it is a dry 
process in an open system (Hill 2006). These conditions ensure high energy efficiency, 
less corrosion and rust problems, and, presumably, a lower rate of wood mass loss. The 
latter might be explained by the fact that the vacuum pump continuously removes from 
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the reactor all volatile compounds that contribute to accelerated degradation of 
polysaccharides in the wood cell wall (Hill 2006). 
This paper is focused on the results of thermo-vacuum treatment of some European 
hardwood and softwood species under various conditions. The objectives were to 
characterize the process and its efficiency as well as to define the influence of the 
process parameters, i.e. temperature, duration, and pressure on wood properties.  

EXPERIMENTAL 

The plant 

The thermo-vacuum cylinder had an internal diameter of 1.7 m. It was initially a 
conventional vacuum kiln that was re-built to function at temperatures up to 250°C. The 
cylinder walls were heated by diathermic oil circulating between double layers of steel. 
Under vacuum, heat from the hot walls was convectionally transferred to wood by 
means of two high efficiency fans (diameter 500 mm) with external motors and a 
mechanical vacuum-proof and temperature-resistant transmission. The fan speed was 
proportional to the internal air pressure, ranging from 635 r min−1 at atmospheric 
pressure to a maximum speed of 1930 r min−1 at vacuum pressure of 200 mbar. A water 
ring type pump equipped with a heat exchanger provided the vacuum. The temperature 
of the oil, air, and wood core was measured by means of thermocouples. All process 
parameters were controlled and recorded by a computer. 
 
The high temperature treatments 

The treatment occurs on wood material previously dried in vacuum conditions to ~0% 
moisture content (MC). The drying process is performed in the same kiln where later the 
high temperature process will take place, so no further displacement of material is 
required. At the beginning of the treatment, air temperature is increased until it reaches 
the set value (160-220°C) and at this moment the real high temperature phase (HT) 
begins. Wood is maintained at the set temperature for some hours, depending on the aim 
of the treatment, and then a 4-5 hours cooling phase occurs. During the entire treatment 
the internal pressure is kept constant with a little Δp of 50-30 mbar to avoid the pump 
overworking. Each treatment can be characterized by the three following process 
parameters: 

T (°C): the average air temperature of the high temperature phase (HT);  
t (hours): the duration of the high temperature phase HT;  

• p (mbar): pressure inside the kiln. The pressure value is related to the oxygen 
concentration which varies between 2 and 7% at 150 and 350 mbar respectively. 
However, the real oxygen concentration was probably lower because the airtight 
was rather low (20 mbar hour-1) and some loss of vacuum during the treatment 
was due to the production of gas from the wood (about 0.3 mbar hour-1)2. The 
on-off action of the vacuum pump evacuated the gas together with the residual 
oxygen that was gradually reduced. 
 

For this work 9 treatments were performed and in each one 3 boards (1000x200x30 
mm) for each wood species were considered. The process parameters were changed in 
order to evaluate the effect of temperature, time and pressure as reported in Table 1. 
                                                
1	  Airtightness	  measured	  on	  the	  empty	  plant	  at	  20°C	  and	  80	  mbar	  initial	  vacuum	  pressure.	  
2	  Measured	  during	  treatment	  at	  190°C	  and	  vacuum	  of	  150	  mbar.	  
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Table 1: parameters of the performed treatments  

Treat. n. 1 2 3 4 5 6 7 8 9 
T [°C] 160 180 200 220 180 180 180 190 190 
t [h] 3 3 3 3 0.75 1.5 5 3 3 
p [mbar] 210 210 210 210 210 210 210 160 330 
species alla no black locust all all all all all all no cherry 
aall=Spruce, fir, larch, oak, cherry, ash, beech and black locust. In treatments n.2 and 9 black locust and 
cherry respectively were absent. The pressure is indicated by average values. 
The characterization tests 
After each treatment the material was analyzed in order to determine the physical wood 
properties modifications induced by the process. The physical characteristics 
investigated were the mass loss, the equilibrium moisture content and the colour 
coordinates. The procedures adopted for their determinations are the following: 

• Mass loss (ML%): this property was determined by weighting each board before 
the treatment (at 0% of MC) and soon after it. The percentage of mass loss due 
to the process refers to the oven dried weight. For each treatment 3 values of 
ML were determined for each species. 

• Equilibrium Moisture Content (EMC%): after the treatment 5 samples with the 
dimensions 100x50x5 mm were cut from two boards of each species and were 
put into an oven at T=103°C to determine the oven dried mass. After that the 
samples were positioned in a climatic chamber at T=20°C and RH=65% until 
the reaching of the equilibrium moisture content. The EMC at this atmospheric 
was calculated according to the standard UNI ISO 3130 (1985) and the values 
of the treated samples were compared with the correspondent values of a series 
of 10 reference untreated samples of the same species. The EMC variation 
between treated and untreated samples was calculated. The number of the 
samples was decided according to the standard UNI 3252 (1987). 

• Colour: the colour was measured by using a spectrophotometer for visible light 
(MicroFlash 200D) with a spot probe of 18mm diameter. The colour 
measurements were performed on the same points on planed wood surfaces 
before and after the heat treatment. A number of 30 measurements (30 before 
and 30 after the treatment) were collected for each species. Colour coordinates 
referred to the three dimensional CIE L*a*b* space colour where L*indicates 
the lightness in a range from black (0) to white (100), while a* and b* define the 
position in green-red and blue-yellow axis respectively. The total colour change 
ΔE was calculated. Using colour data, statistical analysis was performed (t-test 
and ANCOVA) to evaluate the effect of the process parameters (T, t and p) on 
the wood colour. Statistics was performed using R-software. 

RESULTS AND DISCUSSION 

Mass loss as function of temperature, time and pressure 

Figure 1 reports the ML vs treatment temperature for all the species considered. As it is 
known, the ML increases with the temperature, but same differences can be notices 
among the species. Up to 180°C there is not significant differences and the average ML 
value is around 2%. Starting from this temperature, hardwoods show bigger ML values 
compare to softwoods and this phenomenon is very clear at 220°C. At this temperature 
the ML of softwoods varies between 5.7 and 7.5%, while in case of hardwoods the ML 
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varies between 9.4 % (beech) and 15% (black locust). The picture clearly shows that 
black locust is the species affected by the highest ML when T is above 200 °C.  

 

 
Figure 1: mass loss vs treatment temperature. All the tests had a duration of 3 hours and an average 

pressure of 210 mbar. 
 

ML increase with the treatment duration (figure 2-left). Fir, spruce, cherry and beech 
have the lowest ML which varies between 0.5 and 1.5% for 0.75 and 5 hours 
respectively. Oak and ash have an average ML of 1% for 0.75 h and 2.3% for 5 hours. 
Black locust behaves similarly to ash and oak for t = 0.75 h (ML=1%), but then the ML 
increases significantly and it reaches the value of 4% for the longest treatment. For short 
treatments (0.75 and 1.5 h), larch presents the highest ML value (2 and 3% respectively) 
and for 5 h it reaches the 3.5% of ML. The extreme behaviour of larch is probably due 
to the high quantity of resin in it contained. 

Similar results of ML were observed on spruce by Alen (2002) and on spruce and beech 
by Welzbacher (2010) in steam and in air conditions respectively. Higher values of ML 
were found for beech heartwood by Todorović et al. (2012) who report a ML variable 
between 5 and 17% for wood treated from 170 to 210°C for 4 h in air conditions. 

 

 

 

 

 

 

 
Figure 2:ML vs time on the left (T=180°C;p=200-230 mbar. On the right ML vs pressure is reported 
(T=190°C; t=3 h). 
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The treatment performed at higher pressure (320-350 mbar) determine a bigger ML 
value in case of black locust, larch and oak (figure 2-right). Data are not enough to 
allow statistical analysis for the investigation of the pressure effect on ML. 

Equilibrium moisture content as function of temperature and time. 

Treated wood has a lower EMC compare to wood not treated. The EMC variation 
depends on the treatment temperature, time and species (table 2). Usually softwoods are 
characterized by lower EMC variations compare to hardwoods. At 160°C the EMC 
reduction is very variable among to the species considered. For this temperature, larch 
and oak do not show any significant change in EMC (2%), while black locust has a very 
high EMC reduction (19.7%). At 220°C the variation is more uniform among the 
species with an average value of 40% except for larch which has a lower value (30%). 

Table 2: EMC for the eight species treated at different conditions. HT*=not treated samples. 
 NT* 160°C 180°C 200°C 220°C 
  3 h 0.75 h 1.5 h 3 h 5 h 3 h 3 h 
 EMC EMC var% EMC EMC EMC var% EMC EMC var% EMC var% 

fir 12.5 10.8 13.3 10.9 11.0 10.6 14.9 10.6 9.5 23.9 7.6 38.9 
larch 10.5 10.7 1.9 9.8 8.3 9.3 11.6 8.4 8.0 24.0 7.4 29.1 

spruce 12.4 11.6 6.3 11.3 11.3 10.6 14.2 10.7 9.7 22.1 7.8 37.0 
black l. 10.0 8 19.7 9.2 6.4 n.a. n.a. 6.2 6.2 36.9 6.3 36.4 

ash 11.5 10.4 9.3 10.5 10.0 9.3 18.8 9.3 7.9 30.8 6.6 42.4 
beech 12.0 11.3 5.6 11.0 10.8 9.9 17.7 9.9 8.3 30.4 7.1 40.7 
cherry 11.1 10.2 7.1 9.7 9.6 8.8 20.0 9.0 6.9 37.2 6.2 43.8 

oak 11.0 10.7 2 10.5 10.0 9.0 17.7 8.9 7.2 34.4 6.6 39.6 

Very low values of EMC are reported by Schnabel et al. (2007) about beech (5.6-3.6%) 
and ash (5.6-4.3%), but the comparison with the present data are difficult because the 
author does not specifies the treatment conditions. 

Colour as function of temperature, time and pressure 

The wood colour changes according to the treatment temperature, time and pressure. 
The quantitative measure of colour variation is given by ΔE value. The effect of 
treatment temperature and time on ΔE (response variable) have been investigated 
through ANCOVA statistical test in which the explanatory variables are both continuous 
(temperature and time) and categorical (wood species). For the analysis, hardwoods 
were separated from softwoods and the effects of temperature and time were analysed 
separately. Both the linearity (linear correlation between explanatory and response 
variable) and equal slope (slope of the regression line) assumptions required for 
ANCOVA were valid. Table 3 contains the results of the analysis of variance. In general 
temperature, time and species have a significant effect on ΔE (figure 3) except for the 
variable “species” which does not have effect in case of softwoods treated at different 
time (p = 0.87). 

Table 3: Analysis of variance table. 
 T effect Time effect 
 F value Pr(>F) F value Pr(>F) 
 T species T species t species t species 

Hard.  2240 50.34 <2.2e-16*** <2.2e-16*** 1543 1014 <2.2e-16*** <2.2e-16*** 
Soft. 1170 0.13 <2.2e-16*** 0.87 1369 77.1 <2.2e-16*** <2.2e-16*** 
***=level of significance=0 
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Figure 3. DE vs temperature and time in case of hardwoods (top) and softwoods (bottom). 
 
Once the effect of the wood species was demonstrated, through the pairwise comparison 
it was investigated how the species differ among them. Results are reported in the 
matrix of table 4.  
 

Table 4: results of the pairwise comparison (DE-species) 
 T effect Time effect 
 ash beech black l. cherry ash beech black l. cherry 

beech 1.0 - - - 1.0e-11 - - - 
black l. 0.031 0.093 - - <2e-16 <2e-16 - - 
cherry 0.031 0.004 8.1e-0.7 - <2e-16 0.003 <2e-16 - 
oak 1.0 1.0 0.0221 0.037 <2e-16 0.003 <2e-16 0.89 

If we consider T effect, the results indicate that there is not a statistically significant 
difference between the following couple of wood: ash-beech, ash-oak , beech-black 
locust and beech-oak. On the contrary the most important difference is between black 
locust and cherry (p = 8.1e-7). For time effect only cherry and oak do not behave 
significantly different. In case of softwoods and time, a significant difference exist 
between all the couple of species, in particular between fir and spruce (p=2.9e-06). 

Sahin et al. (2010) report for oak higher values of ΔE at low temperature (ΔE=15.7 at 
120°C and 2 h) and they obtained a ΔE of 40 for treatment at 180°C for 10 h in air 
conditions. Data color about beech and cherry were also reported by Aydemir et al. 
(2010) for wood treated in air conditions who found in general lower values of ΔE for 
the same processing temperature and time. In case of spruce and fir data are similar to 
that reported by Gonzales-Peña and Hale (2009) for wood treated in nitrogen medium. 
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For the investigation of pressure effect, t-test has been applied in order to evaluate the 
effect of the two pressures applied (160 and 330 mbar) on ΔE for each species. All 
softwoods and oak exhibited significant difference between the average ΔE values. For 
these species higher pressure determines darker color. In case of the other hardwoods no 
significant difference has been reported (table 5).  
 

Table 5. Pressure effect on ΔE 
pressure (mbar) fir* spruce* larch* ash beech black l. oak* 

150-170 20.7±0.7 23.0±0.5 23.9±1.4 27.4±1.3 26.4±2.2 38.4±2.1 24.8±1.4 
320-350 26.0±0.6 27.6±0.9 31.2±1.0 27.1±1.1 26.0±1.2 38.1±1.3 29.9±1.5 

*=species with a significant difference between average ΔE values. 

CONCLUSIONS 

1. The ML due to the thermo-vacuum process is higher for hardwoods compared to 
softwoods and this distinction is more evident at higher treatment temperature; 

2. Among all the species, black locust is the one which shows significant variations in 
terms of EMC (-19.7%) and colour (ΔE = 23) even at low treatment conditions 
(160°C for 3h); 

3. Hardwoods behave differently in terms of ΔE when they are treated at different 
temperature and time. In particular the wood couples black locust-cherry and black 
locust-ash show the biggest ΔE differences when treated at different temperature and 
time respectively; 

4. Spruce, fir and larch present similar ΔE values when treated at different temperature, 
while they seem to have different color behavior for different treatment duration; 

5. Generally the comparison of data reported in this work with results found in 
literature for other technologies is a difficult task because the treatment conditions 
(T, t) and the species tested usually differ; 

6. The boards demonstrated in general good quality with no internal tension, 
deformations, and very few end- or pith checks after the thermo-vacuum treatments. 
Internal checks were observed in black locust trated at temperatures higher than 
160°C; 

7. The studied properties of wood are uniform within the treatment stack. This means 
that the temperature in the cylinder is uniform and the heating convection under 
vacuum is efficient. Similar features were observed in a full-scale industrial plant; 

8. Another positive feature of the wood after the thermo-vacuum treatments was the 
total absence of odor, normally characterizing many other TM wood products. This 
is due to the action of the vacuum pump which removes volatile products during the 
process. 
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