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Biocarbon is a promising alternative to replace fossil carbon as reductant for metal production with benefits to
reduce greenhouse gas emissions and increase the sustainability of the metallurgical industry. As a carbon and
energy intensive industry, a significant amount of biocarbon needs to be produced, handled, transported and
stored for further utilization in metal production processes. Biocarbon is a reactive porous material and can
undergo self-heating that is related to spontaneous exothermic reactions at low temperatures. The biocarbons
can be produced from different biomass materials and under different conditions, and have various physical and
chemical properties. The biocarbons with different properties have different tendency in terms of self-ignition
and risk of fire. In addition, storage and transportation conditions play also important roles in causing the self-
ignition of biocarbon, including gas atmosphere, temperature, heat and mass transfer to surroundings, humidity,
etc. Several studies have been conducted to investigate reasons for causing biocarbon self-ignition, including
conversion behaviour and mechanisms of biocarbon self-ignition and potential mitigation measures. The main
objective of this review is to survey studies on the self-ignition of biocarbons by correlating them to biocarbon
production and storage conditions and provide background information for safe transportation and storage of
biocarbon.

1. Introduction

Metal production is an energy and material-intensive process consuming large amounts of carbon as reductants
and also sources of energy in some metal production processes (Surup, Trubetskaya, and Tangstad 2020).
Currently, mainly fossil-based carbonaceous materials such as coal and coke are being used in metal production
processes. Metallurgical industries in Norway and the world are actively working on increasing the sustainability
of production processes and reducing greenhouse gas (GHG) emissions(Wang et al. 2018). Different measures
and solutions have been identified, investigated and developed to make the metal production process more
sustainable with less environmental impact. One of these solutions is to produce and use biocarbon, often called
charcoal, as an alternative to replacing fossil carbon. Biocarbon is produced from pyrolysis or carbonization of
renewable biomass materials that are largely available at low cost(Wang et al. 2016). The CO2 emitted from the
conversion of biocarbon during the metal production process will be further sequestered through photosynthesis
as the plant regrow. Through such a biogenic carbon cycle, the utilization of biocarbon for metal production can
help to reduce CO:z emissions from the metallurgical industry(Riva et al. 2020). With further gaining of
knowledge, development of technology and large-scale tests, biocarbon use in metal production processes can
become economically attractive and technically feasible.

In comparison to conventional fossil carbon, the biocarbon has lower density and the biomass has lower carbon
content than coals. It means large amounts of biocarbon need to be produced, transported and stored for further
utilization(Wang et al. 2017). In addition, the biocarbon has high porosity and surface area, which makes the
biocarbon highly permeable to air and moisture in the ambient atmosphere. It makes the biocarbon a reactive
porous media where heterogeneous reactions can take place on the outer surface and within the carbon matrix
(Restuccia et al. 2019). The reactions, either endothermic or exothermic, can initiate and proceed under different
conditions, which are also related to the physio-chemical properties of biocarbon(Phounglamcheik et al. 2022).
Even at low temperatures, some exothermic reactions might take place, which continue and cause a rise of the
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temperature of biocarbon. The temperature increase of biocarbon is determined by the difference of heat
generated and lost(Riva et al. 2020). As the heat generation is more intensive than the heat loss, the exothermic
reactions and increase of temperature can lead to smouldering, self-ignition and flaming firing of the biocarbon.
There is gradual consumption of carbon along with slow self-heating and smouldering of biocarbon, which also
results in the release of volatiles and gases that can be harmful to human health(Nordon, Young, and Bainbridge
1979). Self-ignition is a main challenge for transporting and storing of large amounts of biocarbon, which can
lead to serious fire hazards and injuries of operational personnel. Some studies have been conducted to
investigate self-heating, self-ignition and storage of biocarbon under different conditions(Nordon, Young, and
Bainbridge 1979; Restuccia et al. 2019; Phounglamcheik et al. 2022; Riva et al. 2020; van Blijderveen et al.
2010). This work critically reviews the published studies reporting self-ignition of biocarbon, including 1) general
background about self-ignition of biocarbon, 2) summarizing results obtained by using various setups in
accordance with specific methodologies and principles, 3) identifying the most influential factors causing self-
ignition of biocarbon. Based on the review, recommendations are presented to prevent self-heating and self-
ignition for safe storage and transportation of biocarbon.

2. Self-heating and self-ignition of biocarbon

Self-heating of one material can be defined as the phenomenon of a temperature rise in ambient
conditions(Carras and Young 1994). The self-heating often is related to chemical and/or physical processes
taking place within or on the surface of the material(Restuccia et al. 2019). As the self-heating proceeds, it may
lead to a further increase of the temperature of the material, which can exceed a critical temperature. As a result
of this, spontaneous self-ignition might occur, leading to the combustion and/or explosion of the material. The
temperature rise is critically related to the balance of heat generation and loss of the material(Nordon, Young,
and Bainbridge 1979). The heat generated can be from different sources as reported in previous studies. The
major heat generation mechanism responsible for the self-heating of biocarbon is the interaction of oxygen with
the biocarbon. During storage, the oxygen in the ambient atmosphere can physically and chemically adsorb on
the biocarbon surface. The chemical adsorption might lead to the formation of carbon-oxygen complexes and
oxygenated carbon species such as carbonyl and other species (Carras and Young 1994). These oxidizing
reactions can take place at low temperatures and are oxidimetric. As the heat generated by these reactions is
not sufficiently dissipated either by conduction or convection, the temperature rise of biocarbon mass will take
place. The interaction between biocarbon and oxygen can lead to the formation of gas products such as carbon
monoxide and carbon dioxide, which can be detected and monitored as signals and are evidences of these
reactions(Nordon, Young, and Bainbridge 1979; Wang et al. 2017). The other source of heat is the condensation
of water vapor(Carras and Young 1994; Onifade and Genc 2020). The amount of water that is condensed and
contained at a given value of relative humidity is related to its adsorption and desorption isotherm(Miura 2016).
The interaction between the biocarbon and water vapor can be exothermic or endothermic depending on if the
water condenses or evaporates. This often occurs as the biocarbon is stored in moist air, the biocarbon grains
and fines will adsorb water that condenses with the release of heat. This process might provide the initial energy
for spot heating(Miura 2016). It has been observed that the generation of heat related to water adsorption is
more evident for dry porous material such as coal. This is because the resistance of water adsorbing on the
surface of dry porous materials is much smaller, as the saturation of water can take a certain time onto the
external surface and internal porous structure. The third source of heat can be related to the biological
degradation of carbon materials as a result of the growth of fungi(Wang et al. 2018). This is especially prone to
take place as the biocarbon is stored in an atmosphere with high humidity and high ambient temperature, as
such conditions are favorable for growth of fungi. The self-heating and self-ignition are dependent on intrinsic
and extrinsic factors. The intrinsic factors are related to physio-chemical properties of biocarbon, including
moisture content, volatile matter content, porosity and surface area, density and heat conductivity, etc (Carras
and Young 1994; Onifade and Genc 2020; Restuccia et al. 2019). The extrinsic factors are those external
conditions including atmosphere, humidity, temperature, ventilation, air pressure and sun radiation, etc
(Phounglamcheik et al. 2022).

3. Studies on self-heating and self-ignition of biocarbon

Self-heating and self-ignition of biocarbon are generally linked to heat production, temperature rise, mass
variation, oxygen adsorption and consumption, and gas emissions. Therefore experimental studies and tests
have been carried out in order to identify, measure and assess these indicators, reveal underlining mechanisms
and propose possible abating solutions.

3.1 Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) combined with differential scanning calorimetry (DSC) has been used as a
straightforward way to examine mass change and heat released during the slow oxidization of biocarbon under
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controlled conditions(Phounglamcheik et al. 2022; Restuccia et al. 2019; Riva et al. 2020). For a normal
TGA/DSC experiment, one biochar sample in mg weight is loaded in the TGA/DSC. With the high accuracy
balance, even the change of sample weight due to chemisorption can be detected and
monitored(Phounglamcheik et al. 2022). In addition, a sudden drop of sample weight can be observed from the
TG curve at a certain temperature, which is related to the self-ignition of biocarbon accompanied by intensive
consumption of the sample. Figure 1 shows TG curves (three repetitions at each test condition) of biocarbon
powders upon heating at 50 °C with the presence of 20% O2 and 150 °C with the presence of 10% Oz for 180
minutes(Phounglamcheik et al. 2022). For one experiment, one sample was first heated at 340 °C with a holding
time of 30 min under pure N2z (purity = 99.996%) to desorb Oz gas molecules on the char sample. Afterwards
the sample is cooled down to a desired isothermal temperature (i.e., 50 °C) and then purged with a gas mixture
with a certain Oz concentration (i.e., 5 vol%) in N2(Phounglamcheik et al. 2022). It was stated that the increase
of sample mass is mainly related to the adsorption of O2 onto the sample(Phounglamcheik et al. 2022). The
evident decrease in sample weight can be related to the saturation of oxygen and possible interactions of the
adsorbed oxygen with biocarbon.
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Figure 1. TG curves of biocarbon powders (d <75 pm) upon heating at a) 50 °C and 20% O2 b) 150 °C and 10%
02 for 180 minutes (Phounglamcheik et al. 2022).

3.2 Fixed bed experiment

Fixed bed experiment is normally used to heat the biocarbon sample at an isothermal condition, where the
temperature and test time are fixed(Riva et al. 2020; van Blijderveen et al. 2010). The temperature in the sample
bed is measured continuously, which is compared to the ambient temperature. Figure 2 displays the temperature
history of three biocarbon samples over time(Riva et al. 2020). The biocarbon was first loaded in a container
and then placed in a furnace with a pre-set temperature of 140°C and measurement of the temperature in the
container. Upon heating at 140°C in the oven, self-heating might happen, which causes a temperature rise of
the biocarbon mass(Riva et al. 2020). If the temperature of the biocarbon sample (Ts, displayed as black, blue
and orange solid lines in Figure 2) bed is higher than the ambient temperature (Ta, displayed as black dash lines
in Figure 2), a difference between Tsand Ta can be observed. Consequently, there will be a continuous loss of
heat from the biocarbon sample to air streams and the temperature of the biocarbon mass will eventually
approach the ambient temperature or airflow temperature. It will result in a temperature decrease of biocarbon
mass with a reducing difference of Ts and Ta(Riva et al. 2020). However, as the heat, which is generated from
the reactions and processes mentioned in section 2 above, is larger than the heat lost to air streams, the
biocarbon mass will continue to heat up.
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Figure 2. Temperature history of biocarbon samples during self-heating test
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As shown in Figure 2, the temperature measured from the sample IBP1 increases sharply, continuously to a
value over 200°C, indicating temperature runaway and self-ignition of the sample under the tested
condition(Riva et al. 2020). The IBP samples are both biocarbon pellets, whereas the IBPT sample was derived
from IBP1 after being heat treated at 600°C. The IBP2 sample is carbonized wood chips. In comparison to the
biocarbon chips, the biocarbon pellet has a higher density and low thermal conductivity. It means that the heat
generated in the biocarbon pellet bed in the container can not sufficiently dissipate either by conduction or
convection, hence an increase in temperature within the biocarbon mass arises(Riva et al. 2020). On the other
hand, the temperature increase rate of the biocarbon chips is much lower. Only a very small difference between
the sample mass temperature and ambient temperature was detected. It can be related to the porous structure
of the biocarbon chips with much more free spaces (i.e., voids), which allows more rapid heat transfer and limits
the accumulation of heat.

3.3 Basket experiment

Basket experiment is one method to investigate the bulk behavior of biomass self-heating and ignition and
determine the critical ambient temperature for self-ignition. For one basket experiment, a biocarbon sample is
loaded in a basket and heated at one given temperature. If the sample failed to reach ignition, the experiment
is repeated with a fresh sample at a higher temperature. If self-ignition occurs for the sample, then the
experiment is repeated with a fresh sample at a lower temperature (Carras and Young 1994). In such a way, a
minimum ambient temperature can be obtained, at which the self-ignition of one biocarbon sample might happen
as it retains at this temperature with sufficient time. Figure 3 shows minimum self-ignition temperatures detected
from the basket test using softwood pellets and biocarbon produced from the pellet at a temperature between
350 °C and 800 °C (Restuccia et al. 2019). It can be seen that, for softwood biochar produced at 450 °C, only
a temperature of 90 °C is needed to initiate self-ignition. It is possible to upscale the test results by further
predictions based on the thermal and kinetic parameters obtained in the self-heating experiments and the Frank-
Kamenetskii theory (Miura 2016; Restuccia et al. 2019). The upscaling results showed that self-ignition of the
softwood biocarbon pellets produced at 450 °C can take place at as low as 20 °C if the amount of stored
biocarbon is large enough. For most of the industrial applications, the biocarbon will be transported via truck or
piled for storage in a large volume. The biocarbon has direct contact with air as an oxidizer. In addition, there
will be an accumulation of heat and gaseous products from oxidization of the biocarbon mass (i.e., the center
of the pile). The self-ignition can take place in these regions spontaneously and intensively, which act as fire
spots to ignite the whole biocarbon pile consequently.
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Figure 3: (a) Detected minimum ignition temperature for softwood and biocarbon produced between 350 °C and
800 °C using baskets with three sizes

4. Storage of biocarbon

Large amounts of biocarbon need to be produced, transported and stored for final metallurgical applications.
The storage of biocarbon can be days, weeks and even months, which can be in containers and as piles with
different sizes and shapes either indoors or outdoors. Safe storage of biocarbon is an important issue to be
addressed. Several investigators have conducted experimental and modeling work to investigate and predict
the self-heating and thermal runaway of biochar in containers that are made of different materials with different
sizes(Nordon, Young, and Bainbridge 1979; Phounglamcheik et al. 2022; Restuccia et al. 2019). Figure 4 (a)
shows temperatures measured from different spots in a closed container with biocarbon stored inside. The figure
clearly shows an increase of temperature inside the container after a storage time of 15 hours(Phounglamcheik
et al. 2022). In addition, there are also differences in terms of temperature along both vertical and horizontal
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directions. The temperatures close to the center of the container are higher than those measured in the spots
close to the wall, top and bottom of the container(Phounglamcheik et al. 2022). In the same work, the
temperature that can secure safe storage of biocarbon in containers made of different materials was also
identified. It was found that the maximum safe storage temperature of studied biocarbon in the closed metal
container is higher than that for using the woven bag(Phounglamcheik et al. 2022). One explanation for this is
the amount of oxygen available for initiating self-ignition of biocarbon in different containers. In the closed metal
container, the oxygen is consumed in the stage of chemisorption(Phounglamcheik et al. 2022). The temperature
of biocarbon will decrease with a lack of sufficient air for further oxidizing reactions that release heat causing
self-ignition. On the other hand, the biocarbon has access to air that flows into the woven bag during the storage
process. It will provide oxidizer for continuing chemisorption and surface reactions with releasing of heat as
well(Phounglamcheik et al. 2022).

During transportation or storage, biocarbon can experience various conditions, for example high humidity and
temperature. The properties of biocarbon might change under these conditions, which will affect their properties
as used for metal production processes(Wang et al. 2018). With considering this, long time tests were conducted
by storing biocarbon under humid (98% relative humidity) and relatively high temperature (35 °C) in a climate
chamber(Wang et al. 2018). The biocarbon after a certain storage time was taken out to characterize properties
relevant to metal production. It was found that the fixed carbon content of the biocarbon reduced upon longer
storage time (Figure 5(a)). In addition, the growth of fungi was also observed from the biocarbon during the
storage tests (Figure 5(b)). It indicates possible loss of biocarbon due to biological degradation as a result of
the growth of fungi(Wang et al. 2018).
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Figure 4: Tests of storage of biocarbon in different containers, (a) measured temperature as a function of time
at different locations in the metal container, (b) safe biochar storage temperatures with different types of
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Figure 5: (a) change of fixed carbon content of biocarbon during storage test, (b) growth of fungi on biocarbon

5. Conclusions

In this work, theoretical background and experimental studies on self-heating and self-ignition of biocarbon were
critically reviewed. The self-heating and self-ignition of biocarbon are associated with complex physical and
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chemical processes and reactions, which can be affected by many factors. Among these factors, ambient
temperature, availability of oxygen and storage time have been studied and reported. It was found that access
of biocarbon to oxygen is critical for starting and continuation of chemisorption and surface reactions, which are
often the main sources of heat to cause self-heating and self-ignition of biocarbon. There is more work needed
to study the effect of surrounding conditions such as humidity on self-ignition of biocarbon, as water vapor can
play important role in generating heat and catalyzing surface reactions. In addition, more detailed
characterizations of biocarbon sampled from the storage tests should be conducted. It enables to link self-
ignition tendency of the biocarbon with the properties of biocarbon, which can be altered by manipulating
production conditions and applying upgrading measures.
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