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Abstract This paper deals with the assessment of the

influence of heat treatment of Norway spruce wood (Picea

abies L.) on its thermal stability and burning process. Three

types of samples were used for the research. The first group

was comprised of untreated samples. The second group

was comprised of samples heat treated according to the

ThermoWood—Thermo-S thermal programme (maximum

temperature during heat treatment is 190 �C), and the third

group was modified according to the ThermoWood—

Thermo-D thermal programme (maximum temperature

during heat treatment is 212 �C). The influence of heat

treatment on the burning process was assessed based on the

heat release rate, effective heat of combustion and the yield

of carbon monoxide. The influence of heat treatment on the

thermal stability was assessed based on the resistant resi-

due weight. Heat release rate, effective heat of combustion,

yield of carbon monoxide and resistant residue weight were

determined with a cone calorimeter for different heat flux

densities. The results obtained prove that the spruce wood

heat treatment has an important influence on the decrease

of the maximum heat release rate and the increase of

resistant residue weight. The results obtained further prove

that the heat treatment has only a modest influence on the

increase of the carbon monoxide yield, and its influence on

the effective heat of combustion significantly depends on

the heat flux density.

1 Introduction

Heat-treated wood is a relatively new type of wood mate-

rial and has been manufactured for more than 15 years. The

yearly production of heat-treated wood reached

240,000 m3 in 2011 (Reinprecht and Vidholdová 2011).

Heat-treated wood production is based on the heat load of

wood through a selected heat programme in an oxidation or

inert atmosphere. During the heat treatment, the wood is

heated to a maximum temperature of approximately

150–280 �C for several hours. The wood heat treatment

raises its resistance to biological degradation—resistance

to wood-destroying fungi, moulds or insects (Kamdem

et al. 2000; Weiland and Guyonnet 2003; Boonstra and

Tjeerdsma 2006) and weather influence, improves its aes-

thetic value, dimensional stability, thermal-insulating and

acoustic characteristics and at the same time decreases its

hygroscopicity (Boonstra and Tjeerdsma 2006; Reinprecht

and Vidholdová 2011). The main disadvantage of wood

heat treatment is the deterioration of most mechanical

features (mainly impact strength, rigidity and firmness). On

the contrary, some mechanical features (primarily the

elasticity modulus) can be improved by heat treatment

(Reinprecht and Vidholdová 2011).

A relatively high number of scientific works investigated

the influence of wood heat treatments on the chemical

composition. While the content of lignin is increased in heat-

treated spruce wood, the proportion of hemicelluloses is

decreased and the average polymerisation degree of the
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cellulose slightly decreases. The lignin content increases and

hemicelluloses proportion decreases with increasing maxi-

mum temperature and length of treatment time. The lignin

proportion of spruce wood begins to increase at a tempera-

ture of 220 �C (Windeisen and Wegener 2008; Gonzáles-

Peña et al. 2009; Kacı́ková and Kacı́k 2009; Kucerová et al.

2011; Belleville et al. 2013; Heigenmoser et al. 2013).

A more significant mass loss during the heat treatment of

spruce wood starts at a temperature of approximately

200 �C. During the heat treatment, the tangential and radial

dimensions of spruce wood decrease almost linearly. The

transverse dimension has a quadratic dependence on mass

loss (the dimension reaches its maximum at 10 % mass loss)

(Gonzáles-Peña et al. 2009; Kacı́ková and Kacı́k 2009).

Fig. 1 Comparison of the heat release rate from heat-treated and untreated spruce wood at heat flux densities of: a 15 kW m-2; b 20 kW m-2;

c 30 kW m-2; d 40 kW m-2

Fig. 2 Comparison of the

effective heat of combustion of

heat-treated and untreated

spruce wood at different heat

flux densities
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The scientific works by Kacı́ková et al. (2006), and

Makovická-Osvaldová and Osvald (2013) proved that the

increase of lignin and the synchronous decrease of hemi-

celluloses content significantly influence the increase of

thermal stability of spruce wood. On the other hand, the

results of the same works proved that the decrease of the

average polymerization degree of cellulose causes a

decrease of thermal stability of spruce wood. Therefore, the

impact of heat treatment on the thermal stability of spruce

wood is not clear.

The increase in the amount of heat-treated spruce wood

in the wood industry and in the interior of buildings creates

demands for the evaluation of its fire risk. Heat-treated

spruce wood does not significantly differ from untreated

wood in terms of fire characteristics during tests according

to EN 13823 (2002) (SBI: single burning item test)

(Thermowood 2003; Wang and Cooper 2007). However,

the results of the SBI tests do not allow complex evaluation

of the fire risk of material. According to Babrauskas and

Pecock (1992) and Xu et al. (2013), the fire risk of mate-

rials can most exactly be evaluated on the basis of the heat

release rate, the yield of carbon monoxide and on the time

dependence of mass loss rate. In addition to fire risk

evaluation, this data is important for the creation of safe

operation and storage instructions, fire investigation, fire

simulation, calculation of fire load and fire resistance of

constructions, and the impact assessment of fire or indus-

trial combustion of heat-treated wood on the environment.

The aim of this paper was to assess the influence of heat

treatment of Norway spruce wood (Picea abies L.) on its

thermal stability (expressed as the total mass loss and time

dependence of the mass loss) and its behaviour during the

burning process (expressed as the heat release rate, maxi-

mum heat release rate, effective heat of combustion and

yield of carbon monoxide related to the mass loss and to

the effective heat of combustion) during a test with a cone

calorimeter with heat flux densities of 15, 20, 30, and

40 kW m-2.

2 Materials and methods

Samples of Norway spruce wood (Picea abies L.) with

dimensions of 100 9 100 9 20 mm3 were used for the

research. The samples were divided into three groups of 20

pieces. The first group was comprised of untreated wood

samples. The second group was comprised of heat-treated

wood samples with a heat programme for producing

Fig. 3 Comparison of the CO yield (per mass loss of the sample) of heat treated and untreated spruce wood at a heat flux density of:

a 15 kW m-2; b 20 kW m-2; c 30 kW m-2; d 40 kW m-2
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ThermoWood–Thermo-S (heating from 20 to 100 �C in the

first phase for 5 h and subsequently from 100 to 130 �C for

13 h, heating from 130 to 190 �C in the second phase for

5.5 h and subsequently at a temperature of 190 �C for 3 h,

and gradual cooling down from 190 to 20 �C in the third

phase for 9.5 h). The third group consisted of heat-treated

samples with the heat programme for producing Thermo-

Wood–Thermo-D (heating from 20 to 100 �C in the first

phase for 5 h and subsequently from 100 to 130 �C for

13 h, heating from 130 to 212 �C in the second phase for

5.5 h and subsequently at a temperature of 212 �C for 3 h,

and gradual cooling down from 212 to 20 �C in the third

phase for 9.5 h). The average density of the untreated

samples and samples before the heat treatment was

338 ± 8 kg m-3. The average density of the heat-treated

samples at a maximum temperature of 190 �C was

324 ± 7 kg m-3 and the average density of the heat-trea-

ted samples at a maximum temperature of 212 �C was

314 ± 10 kg m-3. The density differences were caused by

mass loss during the heat treatment. A thorough description

of the fire characteristics of untreated spruce wood is pre-

sented in works by Zachar et al. (2012), Majlingová et al.

(2013) and Martinka et al. (2013).

The heat treatment was carried out in a muffle furnace

with interior dimensions of 250 9 320 9 490 mm3 in an

air atmosphere at atmospheric pressure. The supply of air

was naturally allowed through the hole with a diameter of

22.54 mm situated in the bottom part of the furnace wicket

door, and the offtake of water vapour and of the products of

wood thermal decomposition was naturally allowed

through the hole with the same diameter in the upper part

of the furnace rear wall. The dimensions of the samples

before the heat treatment were 450 9 220 9 50 mm3 at

absolute humidity of 12 %. After the heat treatment the

samples were sawn and ground to dimensions of

100 9 100 9 20 mm3. Subsequently, the samples were

conditioned at absolute humidity of 6 ± 0.5 % in the cli-

matic chamber (at 20 �C temperature, 50 % relative air

humidity and atmospheric pressure).

Heat release rate, maximum heat release rate, effective

heat of combustion, total mass loss, time dependence of

mass loss and yield of carbon monoxide were determined

with the cone calorimeter according to ISO 5660-1 (2002).

The listed parameters were measured at four heat flux

densities of 15, 20, 30, and 40 kW m-2. The measurements

under all conditions (sample type and external heat flux

Fig. 4 Comparison of the CO yield (per effective heat of combustion) of heat treated and untreated spruce wood at a heat flux density of:

a 15 kW m-2; b 20 kW m-2; c 30 kW m-2; d 40 kW m-2
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density) were repeated five times and the average values

are final. To enable mutual comparison of the results, the

same duration of the test (30 min) was applied to all of the

examined sample types and heat flux densities.

3 Results and discussion

The comparison of heat release rates from heat-treated and

untreated spruce wood loaded with different heat flux

densities is shown in Fig. 1.

The visual analysis of Fig. 1 points out that the heat-

treated spruce wood shows a lower maximum heat release

rate compared to the untreated spruce wood. The reduced

maximum heat release rate from heat-treated spruce wood

was caused by thermal decomposition of the most ther-

mally unstable components (mainly the part of extractive

substances and hemicelluloses) during the heat treatment.

This conclusion is in accordance with the scientific

works by Frühwald (2007), Gonzáles-Peña et al. (2009),

Reinprecht and Vidholdová (2011) and Kacı́k et al. (2012).

For all examined samples (both heat-treated and untreated)

the maximum heat release rate was recorded in the flame

initiation phase (first peak in Fig. 1). The fact that the

maximum heat release rate under all examined conditions

(heat flux densities) was recorded in the flame initiation

phase can be explained by the maximum rate of production

of gasiform decomposition products during this phase. A

charring layer started to build up progressively on the

surface of the sample after its ignition, retarding the

overheating of the wood material by the reverse heat flux

from the flame and the cone emitter, which resulted in a

decreased release rate of gasiform decomposition products.

As a consequence, the heat release rate was reduced. Apart

from the flame burning of gasiform decomposition pro-

ducts, after the creation of a sufficiently thick charring

layer the flameless burning (glowing) of the charring layer

also contributed to the resulting heat release rate. The

second peak of the heat release rate was recorded for all

samples and test conditions in the phase of simultaneous

flame burning of decomposition products and flameless

burning (glowing) of the charring layer. The reason for the

later occurrence of the second peak at lower heat flux

densities is the slower rate of thermal decomposition of

samples loaded with lower heat flux densities.

Figure 2 shows a comparison between the effective heat

of combustion of heat-treated and untreated spruce wood

loaded with different heat flux densities.

Fig. 5 Comparison of Spearman correlation coefficients of: a MLR-CO; b HRR-CO; c HRR-MLR; d HRR-CO2 for heat treated and untreated

spruce wood
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The obtained data shows that the increase of heat flux

densities caused the increase in the effective heat of

combustion. This can be explained by the fact that a higher

portion of the charring layer was burned at higher heat flux

density (30 and 40 kW m-2), i.e. under the given condi-

tions, the heat released by oxidation from the carbon res-

idue significantly contributed to the final effective heat of

combustion. This result is in accordance with the scientific

work by Hagen et al. (2009).

The effective heat of combustion of heat-treated spruce

wood measured by the cone calorimeter has not been

published in relevant scientific literature yet. The com-

parison of the obtained effective heat of combustion with

the values measured by a bomb calorimeter according to

EN ISO 1716 (2010) is uncertain (in general the values of

the effective heat of combustion of the same materials

measured by a bomb calorimeter are greater than those

measured by a cone calorimeter). In spite of that, the

obtained results proved that the increase in lignin content in

spruce wood increases its effective heat of combustion.

This conclusion is in accordance with scientific works by

Demirbas (2001), Kaltschmitt et al. (2009) and Günther

et al. (2012). The significant decrease in the effective heat

of combustion of the samples treated at 212 �C in com-

parison with the other samples was caused by the reduction

in hydrogen content below the critical value during the heat

treatment of wood. This conclusion is in accordance with

scientific works by Ladomerský et al. (1993; 2003), Balog

(1999), Ladomerský (2000) and Martinka et al. (2012a;

2012b; 2013).

An exact assessment of the influence of heat treatment

of spruce wood on the efficiency of its burning was carried

out based on the yield of carbon monoxide (related to the

mass loss of the sample) shown in Fig. 3. Besides the total

yield of carbon monoxide throughout the whole duration of

the test (30 min), Fig. 3 also shows the partial yields in

time intervals (0–600 s), (600–1,200 s) and

(1,200–1,800 s) in order to compare the behaviour of the

examined materials in individual phases of the burning

process (initiation and flame burning, simultaneous flame

burning of gasiform decomposition products and flameless

burning of carbon residue, and flameless burning of carbon

residue without flame burning of gasiform decomposition

products). The total CO yield is not a simple sum of yields

in individual time intervals due to the CO yield calculation

method (proportion of the weight of the produced CO in

Fig. 6 Correlation of heat release rate with specific mass loss rate for untreated spruce wood samples at external heat flux density of:

a 15 kW m-2; b 20 kW m-2; c 30 kW m-2; d 40 kW m-2
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the selected time interval to the mass loss of the sample for

the same time interval). Supposing a very low mass loss of

the sample (typical during flameless burning–glowing),

high CO yield can be determined in the selected time

interval, also during the release of a relatively small

amount of CO.

Data illustrated in Fig. 3 show that the highest CO yield

and also the lowest burning efficiency for both the

untreated and treated spruce wood is in the flameless

burning (glowing) phase. To confirm this hypothesis, the

CO yields per mass loss of the sample were converted into

CO yields per effective heat of combustion of the sample.

The resulting values shown in Fig. 4 confirm the given

hypothesis.

The obtained results confirm that the heat treatment of

spruce wood caused a slight CO yield increase during the

duration of the test and therefore, also a slight decrease of

the burning efficiency. However, the given influence is not

significant with respect to the impact of burning heat-

treated wood either on the environment or with respect to

fire safety. Moreover, the influence of heat treatment on the

CO yield (burning efficiency) decreased with increasing

external heat flux density.

The influence of heat treatment and external heat flux

density on the spruce wood burning efficiency was further

assessed based on Spearman correlation coefficient values

of mass loss rate (MLR)-CO, heat release rate (HRR)-CO,

MLR-HRR and HRR-carbon dioxide (CO2). The Spearman

correlation coefficient values for the examined samples are

shown in Fig. 5. The evaluation of the combustion effi-

ciency is based on the fact that under perfect combustion

the HRR is a direct linear function of the MLR or CO2

production rate (perfect positive correlation is character-

ised by the value of Spearman correlation coefficient equal

to 1). Moreover, according to Xu et al. (2012), it is possible

to predict the material tendency towards the fire propaga-

tion in the flashover phase based on the absolute value of

the Spearman correlation coefficient of HRR-CO and

HRR-CO2 (the material tendency towards the fire propa-

gation in the flashover phase increases with increasing

absolute value of the Spearman correlation coefficient).

Detailed description of the Spearman correlation coeffi-

cient can be found in the scientific work by Dowdy et al.

(2005).

The Spearman correlation coefficients of HRR-MLR

(Fig. 5c) and HRR-CO2 (Fig. 5d) indicate the highest

Fig. 7 Correlation of heat release rate with specific mass loss rate for spruce wood samples treated at 190 �C at external heat flux density of:

a 15 kW m-2; b 20 kW m-2; c 30 kW m-2; d 40 kW m-2
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combustion efficiency of the investigated samples during

their loading with heat flux densities of 20 and 30 kW m-2.

These results are in accordance with the results by

Babrauskas and Grayson (2009) who proved the highest

combustion efficiency of softwoods under thermal loading

with a heat flux density of about 25 kW m-2. The values of

the Spearman correlation coefficient of HRR-CO (Fig. 5b)

and HRR-CO2 (Fig. 5d) prove that the heat treatment of

spruce wood does not have a significant influence on the

change of its tendency towards fire propagation in the

flashover phase.

For more precise comparison of the combustion effi-

ciency of the heat-treated and untreated spruce wood,

Figs. 6, 7, 8 present the correlation between the heat

release rate and the mass loss rate of samples loaded with

the investigated heat flux densities. In addition, Figs. 6, 7, 8

show the equations of the linear statistical dependence of

the heat release rate on the specific mass loss rate together

with the coefficients of determination R2 (under perfect

combustion the heat release rate is a function of specific

mass loss rate only, thus R2 = 1).

Figures 6, 7, 8 prove that the correlation of heat release

rate with specific mass loss rate is more sensitive to heat

flux density in case of heat-treated than untreated spruce

wood. On the other hand, the spruce wood heat-treated at

212 �C during loading with a heat flux density of

30 kW m-2 showed significantly higher dependence of

heat release rate on the specific mass loss rate (higher

combustion efficiency) than the other two groups of sam-

ples (untreated and treated at 190 �C).

Mass loss and resistant residue weight at a certain

temperature or heat flux density is the most frequently used

method for assessing the thermal stability of organic

polymers. The influence of heat treatment on thermal sta-

bility was assessed on the basis of the resistant residue

weight (Fig. 9). The obtained data show that the heat

treatment at 212 �C caused significant increase in thermal

stability of spruce wood loaded with heat flux at a density

of 40 kW m-2 (resistant residue weight increases from

1.59 to 7.72 % of the initial weight). The resistant residue

weight increase had two causes. The first one was the

decomposition of the most thermally unstable components

in the heat treatment phase, due to which the heat-treated

samples already had a lower weight before the test with the

cone calorimeter. Compared with the sample weight before

the test, it resulted in an increase of the proportion of the

Fig. 8 Correlation of heat release rate with specific mass loss rate for spruce wood samples treated at 212 �C at external heat flux density of:

a 15 kW m-2; b 20 kW m-2; c 30 kW m-2; d 40 kW m-2
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sample weight after the test. The second cause was the

influence of heat treatment on a faster build-up of the

charring layer on the surface that slowed overheating of the

sample down. Besides the thermal stability, the resistant

residue weight increase also has a significantly positive

influence on the increase in the fire resistance of wood

constructions. The issue how the resistant residue weight is

used in the calculation of fire resistance of wood con-

struction is described in scientific works by Terenová et al.

(2012) and Mózer (2013).

4 Conclusion

This paper deals with assessing the influence of heat treat-

ment of spruce wood on the heat release rate, effective heat

of combustion, carbon monoxide yield and tendency to fire

propagation in the flashover phase. The obtained results

showed that heat treatment of spruce wood causes a sig-

nificant decrease in the maximum heat release rate. The

influence of heat treatment on the decrease in maximum

heat release rate increased with increasing heat flux density.

The influence of heat treatment on the thermal stability

and effective heat of combustion of spruce wood is not

clear and strongly depends on the heat flux density. How-

ever, at a heat flux density of 40 kW m-2, spruce wood

heat-treated at 212 �C showed significantly higher thermal

stability than the untreated wood and wood treated at

190 �C.

On the other hand, the heat treatment caused a moderate

increase in the CO yield per mass loss under all tested

conditions and an increase in the CO yield per effective

heat of combustion at all investigated heat flux densities

except for 15 kW m-2. However, the moderate increase in

the CO yield is not significant for the toxicity of combus-

tion products. In addition, the heat treatment does not have

a significant impact on the tendency of spruce wood

towards fire propagation in the flashover phase.

The obtained results proved that from the point of fire

safety, the heat-treated spruce wood is safer than the

untreated one. Moreover, the heat treatment of spruce

wood has only a negligible negative impact on the envi-

ronment during its combustion process (under fire or

industrial combustion).
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