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Abstract

Biomass can become an important fuel source for future power generation worldwide. However biomass piles are
prone to self-heating and can lead to fire. When storing and transporting biomass, it is usually in the form of pellets
which vary in diameter but are on average in the order of 7 mm. However, pellets tend to break up into smaller
particles and into dust down to the µm size. For self-heating, size of particles is known to matter but the topic is
poorly studied for biomass piles. This work presents an experimental study on the self-heating ignition behaviour of
different particle sizes of wheat biomass. We study for the first time homogeneous samples from the dust scale to
pellet diameter size, ranging from diameters of 300 µm to 6.5 mm. Experiments are done in an isothermal oven to find
minimum ignition temperatures as a function of sample volume. The results are analysed using Frank-Kamenetskii
theory. For the homogeneous biomass samples studied, we show that particle diameter variation does not bring a
large change in self-heating ignition behaviour. The present work can be used to help quantify size effects on biomass
ignition and help address the safety problems of biomass fires.
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1. Introduction

In the current era, different fuel options are being studied to shift away from the traditional fossil fuel energy
market, driven by a need to reduce carbon emissions. This has brought on the development of many protocols and
regulations worldwide. The European Union member states are working towards 202020 targets, establishing that by
the year 2020 greenhouse gas emissions should be reduced by 20%, renewable energy should represent 20% of the
European final energy consumption, and energy efficiency should increase by 20% [1]. The role of biomass as an
alternative energy source becomes crucial to achieve these targets.

Biomass presents heterogeneous properties that require extensive characterisation because of its natural origin and
considerable variation with source. One of the fuel characteristics that is particularly important for safety and fire
hazards is the ignition tendency of the materials. Most of these fuels come in bulk, but produce particles of many
sizes all the way down to dust by abrasion or friction during their handling. The effect of small particles and dust has
to be taken into account as their behaviour can be considerably different from that of large particles. The demarcation
from small particle to dust size is not well defined, but in practice any solid particle with a particle diameter of less
than 500 µm is considered dust [2].

The physical and chemical characteristics of the sample can impact the tendency of the material to ignite. Focusing
on particle size, some work has been done on the flammability of several solid fuels studying its influence on the
minimum explosion concentration, minimum ignition energy and minimum ignition temperature [3, 4]. However
none of this work focused on self-heating ignition.
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One of the most dangerous processes associated with dust and pellet stockpiles is the risk of fires. These fires
can be caused by self-heating ignition. Self-heating ignition is defined as the tendency a porous solid fuel has to
undergo spontaneous exothermic reactions in oxidative atmospheres at low temperatures [5, 6]. Knowledge of the
tendency of materials to self-ignite is essential to power plants that handle, store, or process biomass resources [7].
Critical conditions for self-heating in stored bulk materials could be determined with laboratory-scale methods such
as adiabatic calorimetry , hot plate experiments and isothermal oven tests [5, 8–13]. The influence of particle size on
the storage of materials has to consider the following two countering properties: When the particle size increases, the
gaps between the particles with oxidizer present increase, so self-heating ignition becomes easier since oxidation is
promoted. But on the other hand, air is less conductive than the material, decreasing the heat transfer and therefore
the chance of self-heating ignition [14].

For self-heating, the reactivity of coal is proportional to the average surface area to volume ratio of the sample, A/V,
with a decreasing particle size corresponding to an increase in the reactivity and propensity to self-heating ignition
[15, 16]. As biomass comes in different sizes and shapes, the existing literature on self-heating ignition of biomass is
not carried out at one uniform size. It is often assumed that the particle size plays an important role on self-heating
ignition conditions, but there is no experimental quantification of this influence in the literature for diameters greater
than dust diameters. Some work has been previously carried out to determine the self-heating ignition characteristics
of biomass with constant particle size [7, 8, 17, 18] and dust layers [19–21]. This work aims to fill these literature gaps
by experimentally studying for the first time the self-heating ignition properties of 4 different homogeneous particle
size ranges to quantify the different self-heating characteristics of wheat biomass with varying particle size.

2. Experimental methodology

To carry out this experimental work on self-heating ignition we use wheat biomass particles. The reason for
choosing wheat biomass is that its physical properties are well characterised and is a material commonly used for
power generation, and therefore have detailed elemental and physical parameters such as the thermal conductivity
which allow the extraction of more thermal and kinetic parameters from the experimental data reported in this paper.
The biomass was in the form of pellets made of compressed wheat with varying sizes between 2.6 mm diameter and
6.5 mm diameter. The pellets were grinded using a hand blender and separated into different size distributions using
mechanical sieves. A series of 4 particle size distributions was produced based on particle diameter. The first was
made of unground pellets, of diameter between 6.5 mm and 2.6 mm (coarse particles). The second were particles
with a diameter distribution between 2.6 mm and 2 mm (medium particles), the third between 2 mm and 1 mm (fine
particles), and the fourth between 1 mm and 300 µm (dust). These distributions span particle sizes from pellet size all
the way to dust size. These sample distribution sets are presented in Fig. 1. Elemental analysis was carried out for the
wheat, resulting in 42.66% C, 6.20% H, and 0.39% N.

Figure 1: Different sample size wheat biomass, ordered from left to right by increasing particle size.
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These particle size distributions were individually studied to determine the minimum critical ambient temperature
for self-heating, Ta,c, that leads to self-ignition. A laboratory setup composed of an isothermal oven was constructed
based on the British Standards EN 15188:2007 and previous work by Bowes [5], and three differently sized cubic
shaped wire mesh baskets were used to study the particle size effect on ignition. The cube shape was chosen for the
baskets as it is the easiest shape with which to increase geometry size in a rectangular oven without making the larger
samples approach the oven walls. The baskets were made of 0.5 mm diameter wire mesh with volumes of 131, 442 and
1049 cm3. Different sized baskets were used because as the basket volume increases the critical ignition temperature
decreases since the ratio of heat losses to the environment to heat generated by chemical reactions decreases, as well
as the critical ignition temperature [22]. Each sample was placed in a basket at the centre of the bottom surface of
an isothermal oven heated to a given uniform ambient temperature, Ta. The bottom surface of the oven was not in
contact with any of the oven heating element and was at the same constant temperature as it’s surrounding air. The
oven had forced air circulation to prevent temperature stratification and provide sufficient oxygen supply. The forced
air circulation rate required was controlled by a fan of adjustable speed and was set to ensure that the measured
temperature difference between the top and bottom of oven was below 2◦C. To limit the influence of the forced flow, a
large mesh cage was placed around the sample. A diagram of the setup is presented in Fig. 2. The temperature inside
the sample was monitored using two thermocouples placed at the centre of the sample 0.5 cm apart. Oven temperature
was also measured by a thermocouple placed several centimeters away from the basket, inside the mesh cage, in the
vertical middle plane of the oven. If the sample failed to reach ignition the experiment was repeated with a fresh
sample at a higher temperature. If the sample reached ignition, then the experiment was repeated with a fresh sample
at a lower temperature. The experiments were carried out until Ta,c for ignition was located within ±2.5◦C for each
tested particle size. At least two experiments were conducted at each particle size and basket volume condition. This
experimental setup is the same as the one used in [11–13]. A summary of the experiments carried out is presented in
Table 1.

Figure 2: Experimental setup for self-heating measurements, same as used in [11–13].

Table 1: Number of experiments carried out for each particle distribution range of wheat biomass.

particle distribution size Basket volume
131 cm3 442 cm3 1049 cm3

Pellets, 2.6 mm<D<6.5 mm (coarse) 2 2 2
2 mm<D<2.6 mm (medium) 2 2 2
1 mm<D<2 mm (fine) 3 3 3
300 µm <D<1 mm (dust) 3 2 3
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The bulk density found when using these materials in basket experiments for the different particle size distributions
is presented in Fig. 3. It is clear from the figure that the particles below 2.6 mm diameter all have similar bulk
densities, while the pellets have a higher density, due to the fact that they are produced by compressing wheat. The
thermal conductivity of the wheat pellets was measured experimentally using a guarded heat flow meter and was
found to be 0.1715 W/mK at 165 ◦C. This temperature chosen for the conductivity value is based on the range of
temperatures measured in this experimental work. Previous work has shown that thermal conductivity differences are
less than 10 % between coarse and fine particles of biomass [23], so this measured value was used for all the particle
size distributions.

Figure 3: Density of the different sample size wheat biomass particles, ordered by increasing particle size.

3. Results

Given the same ambient reference temperature, different particles will ignite or not ignite from self-heating de-
pending on the particle size. This is shown in Fig. 4, where given the same oven reference temperature of 183.7 ◦C
the finest particles, with particle size 300 µm <D<1 mm (dust size), shown by the red curve undergo thermal runaway
and ignite while the coarse particles, with size 2.6 mm<D<6.5 mm, will not reach thermal runaway as can be seen by
the black dashed curve in the figure.

Results from all the basket experiments are summarised in Fig. 5. The minimum ignition temperature required for
ignition decreased with decreasing particle size for two of the basket volumes, but for all sizes is within the uncertainty
bounds. This trend applied to all the 4 distributions studied, with the coarse sized particles (2.6 mm<D<6.5 mm) and
medium sized particles (2 mm<D<2.6 mm) igniting from self-heating at the same temperatures. The pellet has higher
density, as shown earlier in Fig. 3, so this increase in fuel present per given volume might be offsetting the effect of
decreasing particle size. However, for fine particles (1 mm<D<2 mm) there is a clear decrease in ignition temperature,
and an even more significant drop in temperature required for ignition for the dust particle size distribution (300 µm
<D<1 mm). For this size distribution, the smallest being tested, at volumes of 442 cm3 there is a 6.3 ◦C difference
in the minimum ignition temperature with respect to the 2.6 mm<D<6.5 mm sized wheat pellets. This is the biggest
temperature difference measured for the 442 cm3 basket. For the larger basket tested, ignition temperature differences
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Figure 4: A comparison of ignition vs no ignition for two samples tested in 131 cm3 volume baskets made up of samples of different particle size
distributions placed in the same oven environment of 183.7 ◦C. The basket with particles in the 300 µm <D<1 mm particle size range ignite due
to self-heating, and is clear from the thermal runaway seen on the red line. The particles in the pellet size range (2.6 mm<D<6.5 mm) however do
not ignite, and no thermal runway is seen.

are much less pronounced, and lie within the experimental error cloud as seen by the black line in the figure so it is
difficult to quantify size effects on the temperature data alone.

4. Frank-Kamenetskii analysis

The Frank-Kamenetskii theory of ignition criticality has been used extensively in the literature to investigate self-
ignition characteristics of materials, and to quantify thermal and kinetic properties from experimental bench-scale
experiments [6, 24]. The theory can also be used to upscale experimental results to predict self-ignition for larger
sizes, if the mechanism of heat generation is unchanged [6, 24]. The Frank-Kamenetskii theory of ignition assumes
that the material is reactive and 1D, and that the heat release is in the form of a one-step exothermic reaction. For
organic materials such as biomass there are two main sources of heat generation that make up this global reaction,
a chemical process at higher temperatures and a biological process at lower temperatures [25]. Frank-Kamenetskii
theory solves the heat transfer problem of heat conduction obtaining a dependence of critical sample size on ambient
temperature which is expressed as Eq. (1)

ln
δcT 2

a,c

L2

 = ln
(

QE f
Rk

)
−

E
RTa,c

(1)

where δc is the critical value of the Frank-Kamenetskii dimensionless parameter for which ignition occurs, which
is a function of the geometrical shape of fuel, E is the activation energy of the one-step global reaction, k is the effective
thermal conductivity of the biomass, R is the universal gas constant, L is the characteristic length of the sample (for a
cube basket the side length), Q is the heat of reaction per fuel mass, and f is the value of the mass action law which
relates the concentration of fuel and oxygen at the initial time to reaction rates, and is based on initial concentrations
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Figure 5: The experimentally found minimum ignition temperatures plotted with respect to the four studied particle size distributions, with separate
lines for the three different box sizes. Error clouds include thermocouple sensitivity of ±2◦C. The maximum temperature difference for the 131cm3

basket volume is of 4.1◦C, for the 442cm3 basket volume is of 6.3◦C, and for the 1049cm3 basket volume is of 2.0◦C.

of fuel and oxygen [24]; Ta,c is the critical (minimum) ambient temperature for which self-ignition occurs. Q f can
usually be lumped together to form a pre-exponential factor term, analogous to the one found for global reaction rates
in gas-phase kinetics.

To use this theory, we plotted the critical ignition temperatures for the three basket volumes found for the ex-
periments in all four particle size distributions tested in a ln

(
δcTa,c/L2

)
vs 1/Ta,c plot. The slope of the straight line

through the critical ignition temperatures and sizes of different sized boxes, for the same particle size distribution,
corresponds to −E/R; The y-intercept can be used to obtain Q f . The plot is shown in Fig. 6. From this figure, it can
be seen that the pellets, 2.6 mm<D<6.5 mm, and the 2nd largest particles (2 mm<D<2.6 mm) have almost identical
slopes and almost overlap completely. The smallest particle sizes have a slightly higher tendency to ignite at lower
temperature, but again fall in similar ranges. All four curves show the same trend, and for the largest box size all 4
particle size distributions show same ignition properties, as can be seen on the bottom right of Fig. 6.

Effective activation energies and pre-exponential factors were extracted using the Frank-Kamenetskii theory and
the experimental data, and are presented in Table 2. Although the upper and lower bounds for activation energies are
large, due to the worst-case calculation of errors based on the upper and lower experimental bounds on each basket vol-
ume measurement from Fig. 6, several trends are observed. The slopes of all the particle size distributions are linear,
with R-squared values of 0.985 or greater for all size distributions, confirming the validity of the Frank-Kamenetskii
analysis approach. All four particle size distributions, have similar activation energies ranging between 93 kJ/mol and
111 kJ/mol. The thermal and kinetic parameters were used to upscale the results to ambient temperatures typically
found in the environment. Results for all particle sizes show that particles will ignite for piles between 11 and 30 m
tall, depending on the particle size. Attention must be paid to dealing with storage of these particles, as although these
heights are higher than what is found in domestic storage, they can be found in silo storage.

The thermal and kinetic parameters were used to upscale the results to ambient temperatures closer to what is
typically found in the environment, between 10 ◦C and 40 ◦C for the four particle sizes studied in this experimental
campaign and is shown in Fig. 7. Each line has an error bar for a sample temperature, based on the maximum error in
upscaling of the experimental results. The results of the upscaling show similar behaviour for all four particle sizes,
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Figure 6: Frank-Kamenetskii plot of self-heating ignition properties for the four wheat biomass particle size distributions. R-squared values for
each slope are provided in Table 2. Error bars in the y-direction are not presented as are neglible, less than 2%.

Table 2: Effective activation energy E and pre-exponential factors Q f extracted from Frank-Kamenestkii plot (Fig. 6) calculated using Eq. (1).
The values in parenthesis are lower and upper bounds values from uncertainty analysis, and the R-squared values of each slope to show linearity
are presented for each particle size distribution

Particle size E ln(Q f ) R2

distribution (kJ/mol) (W/m3) (-)

2.6 mm<D<6.5 mm 93.6 (72.4,131.7) 5.11 · 1014 (2.30 · 1012,1.13 · 1019) 0.985
2 mm<D<2.6 mm 96.5 (73.0,139.4) 1.09 · 1015 (2.66 · 1012,8.27 · 1019) 0.992
1 mm<D<2 mm 111.2 (84.8,157.6) 5.37 · 1016 (5.95 · 1013,9.81 · 1021) 0.999
300 µm <D<1 mm 105.9 (83.6,146.8) 1.54 · 1016 (4.47 · 1013,7.23 · 1020) 0.996

with the 2 coarser ranges being slightly more prone to self-heating ignition at ambient temperatures than the finer
sized particles. For the particles between 1 mm<D<2 mm the critical length required for self-heating ignition, at 40
◦C, is of 30 m. For the pellet size particles, an 11 m tall pile would be required for self-heating ignition at the same
temperature. Attention must be paid to dealing with storage of these pellets, as 11 m height is considerably higher
than what is found in domestic storage areas, but can be found in situations like silo storage for example. This shows
that for determining risk and propensity of self-ignition for biomass, particle size must be considered but does not
bring very large changes in ignition conditions.

Each variable in this analysis carries uncertainty, and a complete uncertainty analysis is presented here. The
bulk density differences within the measured particle sizes carry a maximum error of 7%. The measurement of
temperatures was carried out with K-type thermocouples, which have an accuracy of ±2◦C. For that reason, the range
of ignition was located within a minimum of ±2.6◦C and maximum of ±4.4◦C depending on the particle size. This
temperature uncertainty then carries through to the calculation of effective activation energies and pre-exponential
factors. Calculating these from the experiments for each particle size, based on upper and lower temperature limits,
we have an uncertainty of up to 52% for the activation energy values, and up to 26% for pre-exponential factors. As
the self-heating ignition temperatures found for the different particle sizes do not differ widely for a given pile size,
when accounting for the uncertainty above no significant self-heating ignition differences can be found for the range of
particle sizes studied. Recent work using hot-plate experiments has shown similar insensitivity of ignition behaviour
to particle size for thick layers of biomass [26], so the findings from the isothermal basket experiments match the
reactivity patterns found from other experimental techniques.
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Figure 7: Upscaling the thermal properties and kinetics derived from the self-heating ignition basket experiments to larger scale sizes for the four
particle size distributions. The upscaling is based on the parameters presented in Table 2. The error bars are given for 1 sample point for each
curve, and represent the maximum error in upscaling of the experimental results.

5. Conclusions

Biomass for power use comes in bulk form, but can erode into smaller particle sizes, down to dust size below 500
µm. Biomass is prone to self-heating ignition, and understanding the conditions required for it to ignite is fundamental.
Extensive work exists on the study of different effects of particle size at the dust scale (D¡500 µm). However this paper
is the first set of experimental work quantifying the effect from pellet diameter down to dust diameters. We investigate
experimentally the effect using isothermal oven experiments. We show that for a given volume, the critical temperature
for self-heating ignition marginally decreases with particle size, and that particle sizes have overall similar self-heating
behaviour. In fact, particle size does not bring a significant effect on reactivity, with the finest particles in the size
distribution between 300 µm and 1 mm being slightly more reactive than the particles of diameter between 1 mm and
2 mm (a slightly smaller effective activation energy of 105.9 kJ/mol compared to 111.2 kJ/mol). All of these activation
energy values are within the experimental uncertainty, showing very small effect of particle size for the given basket
volumes. In this work, we show that for particles of sizes between 300 µm and pellet size self heating happens at
similar critical temperatures and critical lengths. We show that as pile size increases, particle diameter effect becomes
negligible. This is important when comparing to other fuels presented in literature where particle size is shown to be
important at all pile sizes such as coal [15, 16], because this is not the case for biomass piles.
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