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Abstract
Opposed to piloted ignition, where a substance is ignited by an external flame or spark, the term auto-ignition describes the 
onset of combustion by spontaneous ignition without an external source. In this study, the influence of the size of spherical 
wood samples and the temperature surrounding the samples was investigated by performing ignition experiments in a muffle 
furnace with beech and spruce wood. On a specially constructed rig, spheres with four different diameters (8 mm, 12 mm, 
18 mm, and 25 mm) were put into a preheated furnace at five isothermal temperatures (240 °C, 270 °C, 300 °C, 330 °C, 
and 360 °C). For every temperature, diameter, and wood species, the experiments were repeated eight times, and positions 
of the spheres on the rig were changed for every measurement. Temperatures inside the samples were recorded with ther-
mocouples (TC) positioned in holes drilled to the middle of the spheres. With rising size and temperature, samples were 
more prone to auto-ignition in a glowing mode, due to a larger, highly reactive pyrolyzed surface and internal overheating. 
During heating and oxidative pyrolysis, isothermal phases were present at approximately 360 °C in the recorded temperature 
curves. The comparison to simultaneous thermal analysis (STA) measurements shows decomposition of hemicelluloses, 
and cellulose is highest around 360 °C. It is concluded that pyrolysis and disintegration of the main wood constituents use 
up all arising energy. Due to differences in the composition of the wood polymers, beech wood samples already ignite at 
lower temperatures compared to spruce wood samples with the same diameter. It can be concluded that the size is a critical 
factor for auto-ignition at the used temperatures. Larger samples will produce more volatile compounds during pyrolysis 
and have a larger pyrolyzed, porous surface area where heterogenous oxidation reactions can happen. The influence of the 
size is already critical at differences on the millimetre scale.

Keywords  Auto-ignition · Oxidative pyrolysis · Size dependence · Temperature dependence · Solid wood

1  Introduction

Auto-ignition describes the process of ignition without the 
influence of a spark or a flame [1]. It can either take place 
in the gas phase or directly on the surface. For the auto-
ignition of gases, the lower flammability limit of volatiles 
and a sufficiently high temperature must be reached to trig-
ger homogeneous reactions between pyrolysis products and 
oxygen [2]. On the porous surface of the material, heteroge-
neous reactions between oxygen and carbon in combination 
with internal self-heating can induce a combustion process 
[3, 4]. Temperatures at which auto-ignition was observed 
depend largely on the devices used and the sample geometry. 
The lowest recorded temperatures for heterogeneous auto-
ignition of wood are in the range of 240 °C [5]. Due to its 
multi-step decomposition, which produces highly reactive 
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charcoal not only under non-oxidative but also under oxi-
dative conditions, especially at lower heating rates, wood 
is one of the few materials that exhibit this kind of phe-
nomenon [6, 7]. Other names for the described process are 
oxidative pyrolysis or, at temperatures of approx. 180 to 
240 °C, torrefaction [8, 9]. Pyrolysis describes the heating 
and subsequent thermal decomposition of a material with-
out the influence of an oxidising agent. While heating up 
wood or biomass, pyrolysis also happens in an oxidising 
atmosphere, as gaseous pyrolysis products streaming away 
from the material prohibit the contact of oxygen rich air with 
the surface, building up an oxygen-free diffusion zone [10]. 
When devolatilization is complete, the flow of volatiles ends 
and atmospheric oxygen can come into contact with the hot 
charcoal. On the porous charcoal, with a high internal sur-
face, chemisorption of oxygen and direct oxidation of carbon 
to carbon monoxide and carbon dioxide can initiate a glow-
ing or smouldering combustion process [11–13]. Transition 
from smouldering and glowing combustion to flaming and 
the other way around is possible and poses a major safety 
concern [14]. Current studies mostly focus on size differ-
ences at centimetre to metre scales or use a kinetic approach 
to the topic through microscale measurements (e.g. thermal 
analysis) and attempt to simulate the behaviour of wood on 
a larger scale [15, 16]. But biomass, including solid wood, 
usually exhibits a lot of physical and chemical variations, 
which are hard to implement in models and simulations, but 
influence pyrolysis, ignition, and combustion on all scales 
[17–19]. Therefore, experiments are needed to show the 
range of possible outcomes.

Many authors describe the influence of the size and 
geometry of wood on the auto-ignition temperature, and this 
is often done in the form of either small wood particles in 
bulk [20] or wood-based materials, with homogenous den-
sity profiles (e.g. pellets) [21, 22]. This has the huge advan-
tage that different shapes and large homogeneous volumes 
can be produced by filling the baskets with the material, 
which is impossible with solid wood, as its properties change 
with the dimension and cutting direction [23]. The results 
of these experiments can be analysed and interpreted using 
the Frank-Kamenetskii theory (FK analysis), calculating the 
kinetic constants and extrapolating the ignition temperature 
of small basket experiments (cm range) to bigger sizes [20, 
24]. Auto-ignition studies on solid wood or wood-based 
materials usually apply heating just from one side on a flat 
surface [3, 25]. The cone calorimeter is a device specially 
constructed for ignition studies on various materials but does 
not show the influence of the volume of a body as well. For 
calculations of safety aspects in the built environment, this 
is usually sufficient, since in most cases the impact of heat 
and fire is on a plain surface [24].

But the oxidative pyrolysis, self-heating, and auto-igni-
tion of wood particles of all sizes depend on many aspects, 

above all the surface area and the surface to volume ratio 
[26]. Influences of the volume and the conditions at pyroly-
sis (e.g. heating rate and maximum temperature) are well-
known for particles in the range of micrometres (e.g. TGA) 
and in bulk (e.g. FK-Analysis), but only few studies look at 
solid wood in the range of centimetres [20, 27, 28]. Daouk 
et al. used a makro-TG to study the influence of oxygen con-
centration on temperatures arising during pyrolysis at tem-
peratures of 400 to 600 °C isothermally and under dynamic 
heating to 800 °C [6, 29]. Additionally, the wood species and 
the chemical composition have an influence on the pyrolysis 
and oxidation reactions taking place [17, 30, 31].

In the present work, the influences of small size varia-
tions of spherical solid wood samples and the wood species 
on the auto-ignition properties are analysed. Wood or its 
decomposition products can already ignite at furnace tem-
peratures of 240 °C or below, so the experiments focus on 
the range from 240 to 360 °C. The temperature range chosen 
for the present study represents a less investigated tempera-
ture range because it is too low for pyrolysis or gasifica-
tion experiments and the time period studied is too high 
for torrefaction. With the results, fundamental insights into 
the degasification and ignition behaviour of wood shall be 
gained. What happens in the stated temperature range with 
different wood species is relevant for an efficient and safe use 
of wood and wood-based products in the near future. On the 
one hand, these fundamental findings will improve safety 
aspects in wooden buildings, as a secure, knowledge-based 
design can be adapted for different wood species not yet 
used in construction, and on the other hand, the new findings 
can improve the efficiency of thermo-chemical conversion 
processes.

2 � Materials and methods

2.1 � Auto‑ignition experiments

Samples made from solid beech (Fagus sylvatica) and spruce 
(Picea abies) with four different diameters (8 mm, 12 mm, 
18 mm, and 25 mm) were bought for the experiments. Sam-
ples were selected with similar growth ring deviations to 
get material that had very low variability in its properties. 
However, due to the nature of solid wood, the spheres used 
are not completely homogeneous in their properties. A 
spherical geometry was chosen, because it has no corner 
or edges, where the surface to volume ratio is lower. Differ-
ences in the density between the four dimensions can be seen 
in Fig. 1. These differences appear because of different ratios 
of early to late wood, which are more pronounced in angio-
sperms like spruce and are more present in smaller samples. 
Beech as a diffuse porous tree species is less prone to these 
differences [18]. Density was measured by weighing and 
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measuring the diameter directly before the experiment. The 
density is given at a moisture content of approx. 7%, which 
was measured by the oven dry method on spheres that were 
stored in the laboratory with the samples for the ignition 
experiments. These spheres were intentionally not pre-dried, 
as this experiment should show the auto-ignition properties 
of material stored at room climate. The overall mean den-
sity of beech and spruce is 0.73 g cm−3 and 0.43 g cm−3, 
respectively. There are no significant differences between 
the spruce samples (ANOVA with α = 0.95), but a post-hoc 
Scheffé test shows that significant differences are present 
between the 18 mm and the rest of the beech samples. Fuel 
properties (proximate and ultimate analysis), calorific value, 
and the chemical composition (taken from [32]) for the used 
wood species are shown in Table 1.

Holes with a diameter of 1.5 mm were drilled in each 
specimen through the central growth ring along the lon-
gitudinal axis (see drawing Fig. 2), to fix thermocouples 
(TC) (type K, non-shielded junction) in the middle. Ther-
mocouples were connected to a PCE-T390 datalogger. 
Temperatures in the samples and the surrounding fur-
nace were recorded every second. Experiments were per-
formed in a muffle furnace (Carbolite AAF 1100) at five 
consecutive temperature levels between 240 and 360 °C 
with increments of 30 °C. The spheres were fixated on a 
specially constructed rig (see Fig. 2), equipped with the 
thermocouples and then placed in the preheated oven. 
The experiments lasted for a maximum duration of 2 h. 
At every temperature level eight repetitions, with ran-
domised sample positions were carried out, an example 
of the sphere arrangement is shown in Fig. 2. The distance 
between the individual spheres was at least equal to the 
diameter of the largest sphere to minimise interactions 
between the reacting samples; additionally, the switch-
ing of the positions should homogenise the results. Care 
is taken to ensure identical positioning of the samples 
to minimise effects generated by the anisotropy of the 

Fig. 1   Density of beech and spruce spheres with five different diam-
eters (n = 40)
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wood, and spheres are positioned along the longitudinal 
axis of the samples, as seen in Fig. 2. For every experi-
ment, the rig was positioned 80 mm inside the furnace. 
To investigate whether flaming or glowing ignition is 
happening, experiments with the original muffle furnace 
door switched out for a glass window were conducted. 
A drawing of the setup for the mode of ignition experi-
ments is shown in Fig. 3. At each temperature level, a 
set of 4 spheres with the already mentioned diameters 
were put into the muffle furnace and heated at isother-
mal temperatures. The oxidative pyrolysis and possible 
subsequent combustion taking place inside the furnace 
chamber were recorded with a video camera. As shown 
in Fig. 3, thermocouples are positioned between the 25- 
and 18-mm spheres and the 12- and 8-mm spheres, which 
recorded the furnace temperatures and possible arising 
temperatures and heat emissions from the ignition of the 
spheres. Mode of ignition experiments were performed at 
270 °C, 300 °C, 330 °C, and 360 °C furnace temperature.

Statistics were calculated with IBM SPSS ® 27, vari-
ables were tested for normal distribution with Shapiro-
Wilk test, and means were compared by analysis of vari-
ance (ANOVA) with a post-hoc Scheffé test.

2.2 � Thermal analysis experiments

Untreated beech and spruce wood and residues from the 
furnace experiments at 240 °C and 270 °C were milled with 
a Retsch Ultra Centrifugal Mill ZM 200 and sieved to par-
ticle sizes < 200 µm. Approx. 5 mg of the sieved material 
was weighed into an aluminium crucible and closed with a 
pierced lid. Simultaneous thermal analysis was conducted 
with a Netzsch STA 409 PG under oxidative conditions. The 
heating rate was 10 K min−1 in the temperature range of 25 
to 600 °C. Purge gas was air with a flow rate of 40 ml min−1, 
and flushing gas for the scale was nitrogen with a flow rate 
of 60 ml min−1.

2.3 � Proximate and ultimate analysis

Material for the proximate and ultimate analysis was milled 
with a Retsch Ultra Centrifugal Mill ZM 200 and sieved to 
particle sizes between 1000 and 200 µm. Moisture content 
was measured with a Kern DAB moisture analyser, CHN 
with Leco Truspec. Ash content was measured based on DIN 
EN 14775 and volatile matter based on DIN 51720:2001-03 
and DIN EN 15148:2010-03. Calorific value was determined 
with an IKA C200 bomb calorimeter.

3 � Results

The relation between furnace temperature (T furnace), diam-
eter of the spheres, wood species, and if an ignition hap-
pened or not is shown in Fig. 4. Ignition was determined 
by observation, whether the sphere was only pyrolyzed or 
burned completely after removal of the rack from the muffle 
furnace. Every circle in Fig. 4 represents the eight repeti-
tions. For both species, the probability to ignite is growing 
with rising diameter and furnace temperature. At 240 °C, 
none of the specimens ignited, and no differences can be 
seen between beech and spruce. Starting at 270 °C, differ-
ences between the wood species appear, as all beech samples 
with a diameter bigger than 18 mm and one specimen with 

Fig. 2   Picture of the experimen-
tal setup and a drawing of the 
positioning of the spheres on 
the rack

Fig. 3   Drawing of the mode of ignition experiment setup
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12 mm, but only three of the spruce spheres with 25 mm 
ignited. The tendency for earlier ignition of beech wood 
continues at 300 °C but less pronounced, and seven beech 
specimens compared to six spruce specimens of the 8-mm 
spheres combusted. Differences between the number of 
ignited samples vanish completely at a furnace temperature 
of 330 °C. At a furnace temperature of 330 °C, only one 
8-mm sphere did not ignite for both wood species, and at 
360 °C, all specimens combusted.

Example curves from the furnace experiments can be 
seen in Figs. 5 and 6. For every furnace temperature, one 
sample curve for every diameter and wood species is shown. 
At higher furnace temperatures, the reaction speed generally 
tends to increase for all samples. Between 350 and 400 °C 
sample temperature, the heating rate decreases (visible as a 
change in the steepness of the curve) before taking up speed 
again. This decrease is visible at all furnace temperatures for 
both wood species, but more pronounced at furnace tempera-
tures of 300 °C, 330 °C, and 360 °C.

Ignition of the spheres happens in a glowing mode; this 
was observed for every temperature level except 240 °C, 
where no ignition happened at all. Table 2 shows the maxi-
mum temperatures that were measured between the 25- and 
18-mm spheres and the 12- and 8-mm spheres.

Heating rate until the samples reached approx. furnace 
temperature is dependent on the furnace temperature and the 
dimension of the specimens (see Fig. 7). For all furnace tem-
peratures, a clear trend for higher heating rates with smaller 
diameters is apparent. Heating rates for samples with the 
same diameter at the same furnace temperature are similar, 
with higher deviations for smaller diameters. In addition, 
an analysis of the Biot number (Bi) was performed to deter-
mine whether or not the temperature distributions inside the 

spheres were the same and could be compared to each other 
[33]. The convective heat transfer coefficient under natural 
convection was calculated with an online tool provided by 
Tera Analysis Ltd. [34], and computed values for all spheres 
at all furnace temperatures are listed in Table 3. Values for 
the thermal conductivity were taken from Vay et al. [35]. 
For all samples, the calculated Biot numbers were similar 
in the range of 1 to 2.

An overview of all maximum temperatures (T max) 
measured with the thermocouples inside the spheres is 
presented in Fig. 8. At 240 °C, only the 25-mm beech 
samples showed a clear exothermic reaction, with core 
temperatures slightly above the furnace temperature. Dif-
ferences between the species and the tested diameters 
start to increase at 270 °C, where the 18-mm and 25-mm 
beech samples already lit up and reached maximum tem-
peratures of approx. 600 °C during combustion. For the 
spruce samples, the temperatures have a bigger distribu-
tion. In comparison with Fig. 4, it is apparent that some 
of the samples did not ignite, and therefore, maximum 
temperatures were lower. Nevertheless, all diameters 
except the 8-mm samples reached temperatures higher 
than furnace temperature, so exothermal reactions hap-
pened. Coming to 300 °C furnace temperature, the pic-
ture changes. On the one hand, all beech samples show 
clear exothermic reactions with T max of approx. 600 °C 
for all diameters, but on the other hand, differences 
between the 8 mm and the rest of the spruce samples are 
still visible, where temperatures stayed below 400 °C. 
At 330 °C and 360 °C furnace temperature, differences 
between the wood species disappear, although deviations 
are apparent, overall maximum temperatures where for 
most samples at approx. 600 °C.

Fig. 4   Ignited and not-ignited 
samples with 8, 12, 18, and 
25 mm at the five used furnace 
temperatures, each circle repre-
sents 8 repetitions
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The duration of exothermicity is defined in this work 
as the time, when the temperature, measured inside the 
samples, was at least 20 °C higher than the furnace tem-
perature. A diagram of the calculated values in seconds 
can be found in Fig. 9. Differences between the two wood 
species were apparent at all furnace temperatures. At 
240 °C only, the 25-mm beech samples had in some cases 
measurable exothermal events, which lead to high devia-
tions in the recorded data. Except the 8-mm samples, all 

spheres made of beech showed exothermic reactions at 
270 °C, and the longest duration was seen for the 25-mm 
samples. The 8-mm and 12-mm spruce samples showed 
no exothermal events at 270 °C furnace temperature. For 
300 °C, 330 °C, and 360 °C, beech samples have a longer 
duration of exothermicity than samples made from spruce 
wood with the same diameter. Additionally, mean values 
and standard deviations of the three analysed variables 
and the mass loss in per cent can be found in Table 4. 

Fig. 5   Example temperature 
curves for beech samples with 
25 mm, 15 mm, 12 mm, and 
8 mm diameter at five different 
furnace temperatures: a 240 °C, 
b 270 °C, c 300 °C, d 330 °C, 
and e 360 °C
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For the 8 mm diameter samples, a determination of the 
mass-loss was not possible, as the residues were to light.

Thermograms of the residues of beech and spruce sam-
ples at 240 °C can be found in Fig. 10. Moisture content (%) 
(determined as the lost mass at 120 °C), onset (°C), inflection 
(°C), and residual mass (%) of the measurements are listed in 
Table 5. Temperature measurements from the furnace experi-
ments are reasonable, as the samples that reached a higher 
temperature reflect more of the characteristics of char coal. 

Figure 10a shows differences between the 25-mm sphere and 
the other spheres, which were also slightly thermally modi-
fied, but fewer differences can be seen compared to the raw 
material (curve beech). Figure 10b delivers a different picture, 
as all the samples have almost the same onset temperature 
(approx. 300 °C), proofing that the degree of oxidative pyroly-
sis is almost the same. In both cases, a shift of onset and inflic-
tion to higher temperatures is the cause of oxidative pyrolysis 
and a higher degree of thermal decomposition.

Fig. 6   Example temperature 
curves for spruce samples with 
25 mm, 15 mm, 12 mm, and 
8 mm diameter at five different 
furnace temperatures: a 240 °C, 
b 270 °C, c 300 °C, d 330 °C, 
and e 360 °C
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Figure  11a shows the thermograms of beech wood 
spheres in 270 °C furnace temperature. Since all beech sam-
ples with diameters of 25 mm and 18 mm combusted during 
the experiments (see Fig. 4 left), only the curves for 8 mm 
and 12 mm are shown. An even stronger shift to higher onset 
temperatures than in Fig. 10a can be seen as the maximum 
temperature of the spheres, and thus, the degree of oxida-
tive pyrolysis rises. TG-measurements of the spruce lefto-
vers show another picture. The 18-mm and 25-mm spheres 
already show a single step decomposition, which looks more 
like charcoal than wood, and the 8-mm and 12-mm samples 
still have the characteristics of thermally modified wood, 
as two consecutive decomposition steps can be seen. Dif-
ferences between the largest beech and spruce spheres are 
almost non-existent.

4 � Discussion

The tendency of spherical beech and spruce wood samples 
to ignite and subsequently combust is shown to be influ-
enced by the wood species, the diameter, and the furnace 

temperature. Ignition of the samples happens due to het-
erogeneous reactions on the pyrolyzed surface in combina-
tion with internal self-heating and subsequent combustion 
takes place in a glowing mode [1, 5]. This was observed in 
the mode of ignition experiments, where the closed door 
of the muffle furnace was switched out for a glass window. 
The arising maximum temperatures between the spheres 
(see Table 2) show a trend of higher heat emission at higher 
furnace temperatures. Heat emissions were present during 
glowing combustion of the spheres, but never reached tem-
peratures higher than 30 °C above furnace temperature. As 
the thermocouples were located exactly between the spheres, 
approx. 10 mm away, an interaction of the combusting 
spheres can be excluded. Maximum arising temperatures 
inside the spheres of approx. 600 to 700 °C support this 
conclusion [3, 25]. First internal overheating in beech sam-
ples already happens at 240 °C furnace temperature (see 
Fig. 8). More severe exothermic ignition and combustion 
reactions were apparent at temperatures as low as 270 °C for 
beech samples with a diameter of 18 mm and 25 mm for all 
specimens and for one-third of the 25-mm spruce samples. 
With rising furnace temperatures, the differences in ignition 
propensity between the wood species and the diameter of the 
samples vanish more and more and are gone completely at 

Table 2   Maximum temperatures measured during mode of ignition 
experiments between the 25 and the 18  mm and the 12 and 8 mm 
sphere at temperatures of 270 °C, 300 °C, 330 °C, and 360 °C

Position of TC Furnace (°C) Beech (°C) Spruce (°C)

25 mm/18 mm 270 289.1 273.8
12 mm/08 mm 270 290.1 278.3
25 mm/18 mm 300 315.4 324.8
12 mm/08 mm 300 306.5 304.7
25 mm/18 mm 330 350.2 354.9
12 mm/08 mm 330 347.5 343.4
25 mm/18 mm 360 390.3 371.9
12 mm/08 mm 360 377.6 372.6

Fig. 7   Heating rate of beech and 
spruce samples at the five used 
furnace temperatures (n = 8)

Table 3   Convective heat transfer coefficient for natural convection 
calculated

Convective heat transfer coefficient (W m−2K−1) 
(calculated with [34])

8 mm 12 mm 18 mm 25 mm

240 °C 22.3 18.1 15.0 13.1
270 °C 22.8 18.6 15.4 13.4
300 °C 23.4 19.0 15.7 13.7
330 °C 23.8 19.3 16.0 13.9
360 °C 24.3 19.7 16.3 14.1
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360 °C. For beech wood, the minimum temperature at which 
ignition and complete combustion is possible in the given 
time, and temperature range is between 240 and 270 °C for 
samples of a minimal diameter of 18 mm, and for spruce, 
the auto-ignition temperature is at approx. 270 °C for sam-
ples with a diameter of 25 mm. Especially at lower furnace 
temperatures, where chemistry has a greater influence on 
thermal decay than heat and mass transfer, the wood species 
itself strongly influences auto-ignition behaviour [36, 37]. 
Thermal events in the smaller samples tend to occur earlier 
than in larger samples. This may be due to the fact that more 
material takes longer to pyrolyze, and when ignition sets in, 
it takes longer for the temperature generated at the surface 
to reach the interior where the thermocouple is located, and 
similar findings were reported by Bennadji et al. [37].

The two used wood species differ in their physical 
properties and in their chemical composition [18, 32]. 
Until a temperature of 100  °C is reached inside the 
spheres, water evaporates from the samples. The evapo-
ration enthalpy will lead to a delay of the pyrolysis pro-
cess [1]. The first components of the wooden matrix to 

decompose upon heating are the hemicelluloses, followed 
by cellulose and lignin [38]. Table 1 lists the chemical 
composition of the two wood species used according to 
Sjöström [32]. The majority of hemicelluloses in beech 
consists of xylan, which tend to decompose already at 
lower temperatures. This can be also seen in the thermo-
grams shown in Figs. 10 and 11. In comparison to the 
mannan in spruce, xylan can show exothermal reactions 
even under pyrolytic conditions, which could be a cause 
for internal overheating of beech at lower temperatures 
[39]. The higher thermal stability of spruce might also be 
caused by more stable variants of cellulose and lignin in 
softwood species [40, 41]. Differences due to the physi-
cal properties can be seen in the heating rate (Fig. 7) until 
furnace temperature is reached inside the spheres. Ther-
mocouple readings inside the smaller diameter samples 
(8 mm) are most likely influenced by the furnace temper-
ature, to exhibit heating rates as high as 50 °C min−1. For 
the larger samples, density is one influencing factor, as 
a higher density will result in lower heating rates under 
isothermal, pyrolytic conditions [42]. Calculated Biot 

Fig. 8   Maximum temperatures 
reached inside the beech and 
spruce wood spheres at the five 
used furnace temperatures (n 
= 8)

Fig. 9   Duration of exothermic 
reaction in minutes (time while 
temperature inside the spheres 
was higher than furnace tem-
perature) for beech and spruce 
wood samples at the five used 
furnace temperatures (n = 8)
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Table 4   Mean and standard 
deviation of the analysed 
variables heating rate (°C 
min−1); maximum temperature 
(°C); duration of exothermicity 
(sec); and residual mass (%)

a Calculated from 7 not burned samples
b Calculated from 5 not burned samples

Heating rate (°C/min) Maximum temperature 
(°C)

Duration of exothermicity 
(sec)

Residual mass (%)

Beech
  240 °C
    8 mm 2.6 ± 1.4 227.4 ± 4.3 0.0 ± 0.0 - ± -
    12 mm 3.1 ± 0.8 227.3 ± 4.2 0.0 ± 0.0 60.8 ± 38.0
    18 mm 3.3 ± 1.1 234.0 ± 5.4 297.6 ± 841.8 57.7 ± 35.7
    25 mm 5.5 ± 0.7 275.3 ± 21.6 4484.9 ± 702.8 44.9 ± 28.9
  270 °C
    8 mm 4.1 ± 0.4 275.0 ± 17.1 5047.3 ± 818.7 - ± -
    12 mm 11.1 ± 6.4 370.5 ± 96.8 5092.4 ± 806.0 41.4 ± 9.1a

    18 mm 14.2 ± 2.5 575.1 ± 5.0 4949.6 ± 757.5 0.0 ± 0.0
    25 mm 11.3 ± 0.8 596.6 ± 29.4 4662.0 ± 759.1 0.0 ± 0.0
  300 °C
    8 mm 13.1 ± 7.5 511.7 ± 125.5 3360.1 ± 959.0 - ± -
    12 mm 22.8 ± 8.1 578.4 ± 44.7 3265.8 ± 950.1 0.0 ± 0.0
    18 mm 20.8 ± 4.9 547.7 ± 100.6 3164.6 ± 930.0 0.0 ± 0.0
    25 mm 16.8 ± 2.0 621.5 ± 11.4 2918.8 ± 927.2 0.0 ± 0.0
  330 °C
    8 mm 69.7 ± 11.5 516.5 ± 68.7 2736.9 ± 1050.0 - ± -
    12 mm 62.4 ± 8.4 626.2 ± 30.2 3134.3 ± 774.8 0.0 ± 0.0
    18 mm 45.0 ± 5.2 616.2 ± 29.0 3085.1 ± 572.8 0.0 ± 0.0
    25 mm 29.0 ± 1.3 636.9 ± 24.1 3061.4 ± 541.8 0.0 ± 0.0
  360 °C
    8 mm 60.6 ± 9.8 503.1 ± 77.8 2596.7 ± 293.0 - ± -
    12 mm 55.4 ± 15.6 576.6 ± 101.8 2491.3 ± 248.2 0.0 ± 0.0
    18 mm 42.4 ± 4.7 578.1 ± 69.6 2464.6 ± 285.2 0.0 ± 0.0
    25 mm 32.1 ± 1.5 582.7 ± 66.0 2354.1 ± 262.0 0.0 ± 0.0

Spruce
  240 °C
    8 mm 2.1 ± 0.7 222.0 ± 3.2 0.0 ± 0.0 - ± -
    12 mm 2.2 ± 0.7 224.7 ± 3.5 0.0 ± 0.0 92.7 ± 10.8
    18 mm 2.7 ± 1.1 226.7 ± 4.7 0.0 ± 0.0 89.0 ± 3.4
    25 mm 3.0 ± 1.0 231.2 ± 4.6 0.0 ± 0.0 85.9 ± 2.5
  270 °C
    8 mm 3.0 ± 0.9 254.6 ± 4.7 6084.0 ± 775.1 - ± -
    12 mm 2.2 ± 0.5 261.1 ± 9.9 6137.1 ± 916.7 67.1 ± 10.3
    18 mm 7.2 ± 4.3 335.5 ± 39.6 6045.9 ± 866.6 44.1 ± 12.2
    25 mm 9.8 ± 3.0 421.4 ± 89.2 5984.4 ± 701.5 31.3 ± 12.6b

  300 °C
    8 mm 8.2 ± 3.1 329.2 ± 35.2 3488.5 ± 685.8 - ± -
    12 mm 17.8 ± 8.4 503.1 ± 108.0 3470.8 ± 696.6 0.0 ± 0.0
    18 mm 21.5 ± 6.8 584.6 ± 31.3 3324.8 ± 685.2 0.0 ± 0.0
    25 mm 18.6 ± 3.7 577.3 ± 15.0 3181.9 ± 674.0 0.0 ± 0.0
  330 °C
    8 mm 62.6 ± 12.3 546.5 ± 100.6 498.3 ± 166.7 - ± -
    12 mm 61.1 ± 7.6 586.5 ± 37.6 644.1 ± 137.3 0.0 ± 0.0
    18 mm 44.8 ± 3.4 614.6 ± 15.6 1306.6 ± 51.1 0.0 ± 0.0
    25 mm 34.3 ± 1.3 599.3 ± 25.2 1759.5 ± 298.3 0.0 ± 0.0
  360 °C
    8 mm 68.9 ± 10.6 456.8 ± 112.9 2080.9 ± 371.6 - ± -
    12 mm 59.6 ± 11.5 551.4 ± 39.0 2017.3 ± 373.8 0.0 ± 0.0
    18 mm 47.1 ± 4.2 591.4 ± 20.0 1954.1 ± 392.3 0.0 ± 0.0
    25 mm 35.1 ± 2.1 591.2 ± 19.2 1882.7 ± 373.0 0.0 ± 0.0
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numbers for all samples were similar; therefore, the heat-
ing of the spheres is comparable [33]. Thermal expansion 
during pyrolysis, as described in Caposciutti et al. [43], 
and changing thermal conductivity during conversion 
to charcoal might also have an impact [44]. For 8 mm 
and 12 mm diameters, variations due to the furnace tem-
perature influencing the temperature measured by the 

thermocouples are possible. These problems could be the 
cause for high deviations in heating rate and maximum 
reached temperatures (Figs. 7 and 8, especially at 360 °C 
furnace temperature). Loss of contact between the ther-
mocouples and the pyrolyzing and combusting samples 
might cause faulty measurements. During pyrolysis, the 
first increase in size of approx. 1–6% is followed by a 

Fig. 10   Thermograms of 
residues of beech (a) and spruce 
(b) samples at 240 °C furnace 
temperature. Maximum reached 
temperatures of the samples, 
according to measurements 
from furnace experiments, are 
added to the legend. Thermo-
grams of raw beech and spruce 
are included as well

Table 5   TG data of the 
measured samples

Species Diameter 
(mm)

Furnace 
temp (°C)

Moisture 
content (%)

Onset (°C) Inflection (°C) Residual 
mass (%)

Beech - - 3.7 263.1 329.1 1.4
Spruce - - 5.5 280.4 333.0 0.6
Beech 8 240 4.2 302.5 334.7 6.8
Beech 12 240 3.9 300.3 332.7 10.9
Beech 18 240 6.1 299.4 330.8 4.9
Beech 25 240 4.6 301.3 328.1 27.2
Spruce 8 240 5.1 300.6 338.1 1.3
Spruce 12 240 7.2 298.6 338.2 6.2
Spruce 18 240 7.0 301.0 337.0 0.0
Spruce 25 240 3.6 298.8 333.8 4.6
Beech 8 270 4.5 286.2 312.4 19.7
Beech 12 270 7.5 309.7 493.0 26.4
Spruce 8 270 4.2 293.2 319.8 13.2
Spruce 12 270 4.3 285.5 311.6 10.0
Spruce 18 270 4.7 303.5 537.3 35.6
Spruce 25 270 4.5 302.1 541.7 34.6
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severe shrinkage which leads to approx. 60–66% volume 
reduction [43]. Combining this two effects might cause 
cracking, and the rapid access of oxygen-rich air another 
causes for internal overheating and ignition [45]. Dur-
ing the heating of the samples, almost isothermal phases 
are visible between approx. 350 °C and approx. 400 °C, 
where heating slows down or no temperature change 
can be observed (see Figs. 5 and 6). It is suggested that 
these isotherms are caused by peak pyrolysis inside the 
wood samples, when all arising energy from exothermal 
reactions is used for the endothermal pyrolysis reactions 
[45]. Data from thermal analysis indicate that at 360 °C 
a shift in wood decomposition is happening. Depending 
on the atmosphere, severe endo- and exothermal reac-
tions take place between 260 and 360 °C, due to devola-
tilization of hemicelluloses, cellulose, and lignin [22, 
42]. The completion of the devolatilization step and the 
continuing oxidation of remaining char can be seen in 
the thermograms of raw beech and spruce wood and the 
only partially pyrolyzed samples in Figs. 10 and 11. Sam-
ples at 240 °C still have some characteristics of wood in 
the thermograms, which shows that the material is only 
partly pyrolyzed and still some hemicelluloses, cellulose, 
and lignin exist in their original or only slightly changed 
state [38]. Moisture content of the samples, determined 
as the mass lost until 120 °C, is present in all samples, as 
they are only partly pyrolyzed. Complete pyrolysis would 
have required at least 400 °C [46]. Nevertheless, the shift 

of the onset to higher temperatures shows that some 
decomposition reactions took place, primarily hemicel-
luloses [40]. With rising heat treatment, temperature 
differences between the wood species disappear as the 
original composition is transformed into charcoal [46].

Similar plateaus were observed by various authors in 
oxidative and non-oxidative pyrolysis experiments [6, 47]. 
For ignition to happen, the material must reach at least 
360 °C, and it does not matter whether this temperature is 
reached by external heating or by internal self-heating. This 
can be seen in Fig. 8, where temperatures of not-ignited 
samples did not surpass approx. 360 °C. While devolatili-
zation due to oxidative pyrolysis is happening until 360 °C, 
a steady stream of volatiles pushes away the oxygen con-
taining air from the highly reactive surface, so no heteroge-
nous reactions initiate further heating and decomposition of 
the pyrolyzed surface [1]. When reaching 360 °C, various 
changes in the wood structure occur under pyrolytic condi-
tions, and precursors of charcoal might have a big impact, 
for example, by effecting the chemisorption behaviour 
[12, 46]. Pyrolytic conditions dominating in and around 
the samples during the heating period make the conducted 
experiments comparable to pyrolysis experiments [1]. As 
the experiments are performed in a well-ventilated com-
bustion furnace, the lower flammability limit of pyrolysis 
gases in the surrounding air is  not reached, so ignition and 
subsequent combustion  happens in a glowing mode, as 
proven by the mode of ignition experiments [2].

Fig. 11   Thermograms of 
residues of beech (a) and spruce 
(b) samples at 270 °C furnace 
temperature. Maximum reached 
temperatures of the samples, 
according to measurements 
from furnace experiments, are 
added to the legend. Thermo-
grams of raw beech and spruce 
are included as well
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5 � Conclusions

The experiments used for the present study demonstrated the 
tremendous influence of isothermal temperature conditions 
on the auto-ignition of minimally different sized beech and 
spruce wood samples. Wood species and size of the sample 
influence the probability of auto-ignition. Beech samples tend 
to react already at lower temperatures than spruce samples, 
and larger samples ignite earlier than smaller ones. For beech 
samples with a diameter of 18 mm or bigger, the auto-ignition 
temperature is between 240 and 270 °C. Spruce samples with 
a diameter of 25 mm have an auto-ignition temperature of at 
least 270 °C. This difference can be explained by differences 
in the chemical structure of the hemicellulose, where beech 
wood mainly consists of xylan and spruce wood of mannan. 
During oxidative pyrolysis, the furnace temperature and the 
density of the wood species influence the heating rate. Denser 
species, such as beech, tend to heat more slowly, but ultimately 
have a longer exothermal reaction time. Isothermal phases at 
approx. 360 °C can be seen, while the samples are heated as 
the result of pyrolysis reactions of hemicellulose and cellulose, 
which absorb all the energy from the heterogeneous oxidation 
on the surface. Since the aim of the work was to study the 
auto-ignition process at ambient temperature and humidity, 
the samples were conditioned in the laboratory prior to the 
experiments. Future studies might include the influence on the 
moisture content on the auto-ignition properties.
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