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 37 
Abstract 38 

As an organic porous material, peat is prone to self-heating ignition, the type of 39 

spontaneous initiation of fire that can take place at ambient temperature and without any 40 

external event. The ignition and subsequent smouldering combustion of peat can lead to large-41 

scale peatland fires, causing environmental and climate problems. Despite the urgency to tackle 42 

peat fires, the understanding of self-heating ignition of peat is insufficient with only a few 43 

previous studies. In this study, a computational model that integrates the mechanisms of heat 44 

transfer, mass transfer, and chemistry is incorporated with a 3-step reaction scheme to simulate 45 

the self-heating ignition of smouldering peat fires. The model is first validated against 13 lab-46 

scale experiments from literature. For critical ignition temperature (Tig), the model gives 47 

accurate predictions for all experiments (covering a range of sample sizes and inert contents) 48 

with a maximum error of 5 °C. The validated model is then upscaled to predict Tig for field-size 49 

peat soil layers and compared to the model using a 1-step scheme. By considering two 50 

exothermic processes (biological reaction and chemical oxidation) separately, the 3-step  model 51 

is shown to give more reliable predictions of Tig than the 1-step scheme. According to the 52 

simulation results, for a 1.5 m deep peat layer, self-heating ignition can occur at an average 53 

ambient temperature of 40 oC. It is the first time that a multi-step scheme is used to simulate 54 

the self-heating ignition of smouldering peat fires, aiming to help in the prevention and 55 

mitigation of these wildfires. 56 

 57 

 58 

Additional Key words: Ignition, Peatland, Oven-basket experiments, Wildfires 59 
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Nomenclature 62 

  63 

 
A pre-exponential factor (1/s) Greeks  

 
c solid specific heat capacity (J/kg-K) 

 

ε emissivity (-) 

  
Cp gas specific heat capacity (J/kg-K) κ permeability (m2) 

 
D mass diffusivity (m2/s) 𝜌̅ bulk density (kg/m3) 

 
E activation energy (kJ/mol) ν viscosity or stoichiometry (-) 

 
g gravity (m/s-2) Φ porosity (-) 

 
ℎ̅ specific enthalpy (J/kg)   volumetric reaction rate (kg/m3-s) 

 

 

 
hc convective coefficient (W/m2-k) τ tortuosity (-) 

 
hm mass-transfer coefficient (kg/m2-s) Subscript

s 

 

 
ΔH change in enthalpy (MJ/kg) 0 initial 

 
k thermal conductivity (W/m-k) 

 

 

b biological reaction 

 
L the thickness of sample (mm or m) cr critical 

 
m mass (kg) f formation 

 
𝑚̇′′ mass flux (kg/m2-s) d destruction 

 
n reaction order (-) g gas 

 
P Pressure (Pa) 

 

i solid species number 

 
t Time (s) j gaseous species number 

 
T temperature (oC) N Nitrogen 

 
X volume fraction (-) O Oxygen 

 
Y mass fraction (-) ox oxidation 

 
  ∞ ambient 

 
  p peat 
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Introduction 64 

Peat is a porous carbon-rich soil, primarily found in tropical and boreal regions. It is made 65 

of natural accumulation of partially decomposed organic matter. Peatlands cover only 3% of 66 

the Earth's land surface, but store 25% of the carbon in the terrestrial system (Page et al. 2011). 67 

The amount of carbon stored in peatlands is three times of that in Earth’s forests and almost 68 

equals that in the atmosphere (Benscoter and Wieder 2003).  69 

Peat has a propensity to smouldering combustion, which can lead to large-scale peat 70 

wildfires (Turetsky et al. 2014). As the most persistent fires in nature, smouldering peat fires 71 

can burn in relatively wet conditions and spread underground and therefore might persist for 72 

days, months, or even years despite rainfall or firefighting attempts (Rein 2013; Huang and 73 

Rein 2014, 2015). Due to their long duration and increasing frequency, peat wildfires are a 74 

known natural hazard that threatens both people and the environment. In 1997, the mega peat 75 

fires in Indonesia burned off a staggering amount of carbon, approximately 15% of the 76 

equivalent anthropogenic greenhouse emissions in the same year (Poulter et al. 2006; Page et 77 

al. 2011). Climate change in turn can make the carbon-rich soil drier and hotter, increasing the 78 

possibility for peat fires to occur and further changing the climate (Rein 2013) . Peatland fires 79 

can also cause regional haze events (e.g. recent megafires in Southeast Asia, North America and 80 

Northeast Europe). As smouldering releases larger emissions of CO, CH4, and particulate matter 81 

per unit area than flaming combustion, the haze caused by peat wildfires can be more 82 

concerning than the emissions caused by flaming wildfires (Bertschi and Jaffe 2005; Rein 2013; 83 

Hu et al. 2018).  84 

Peat smouldering fires could be initiated by self-heating. The self-heating propensity is a 85 
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common characteristic of organic soils (Luangwilai et al. 2013; Santana and Gonzalez 2015; 86 

Aganetti et al. 2016) and has been identified in different experimental studies. Ranneklev and 87 

Baath (2003) detected the self-heating reactions of peat at low temperatures (25–55 oC) in 88 

microscale experiments and it was found that these reactions lead to a spontaneous and 89 

significant increase of temperature. Hänninen (2017) investigated self-heating phenomenon in 90 

peat stock and pointed out that temperature rise is relevant to the stock size. The self-heating 91 

propensity can lead to the ignition of peat when the rate of heat generation through the self-92 

heating reactions is larger than the heat dissipated to the surroundings. It is believed that the 93 

field-scale peat fires occurring at Tablas De Daimel (Spain) in 2009 were caused by self-heating 94 

ignition (Moreno et al. 2010), a conclusion supported by enough scientific evidence. 95 

Oven-basket experiment is a commonly used experimental technique to assess the self-96 

heating and ignition hazard of porous media. This experiment aims to measure the critical 97 

surrounding temperature (referred to as Tig in this paper) that triggers the ignition of the dust 98 

bulk (CEN 2006). Recently, Restuccia et al. (2017) conducted the first experimental study on 99 

peat self-heating ignition with this technique. Using sand as the surrogate of inert matter in peat, 100 

they investigated the influence of inert matter on Tig at different sizes. Based on Frank-101 

Kamenetskii theory of ignition, a set of kinetic parameters were determined for peat samples 102 

with different inert contents to predict the critical ignition temperature for real size peat soil 103 

layers.  104 

Frank-Kamenetskii theory is widely used to extrapolate the Tig obtained from lab-scale 105 

experiments to large-scale cases. However, for natural peatland system, this theory is not 106 

suitable. First, Frank-Kamenetskii theory is based on a simplified analytical model which 107 
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assumes that self-heating ignition is not limited by oxygen and the reaction rate is independent 108 

of oxygen. For large-scale peatland layers, this assumption is not tenable. Natural peatland 109 

layers are normally metres deep and they have a large tortuosity that slows down the oxygen 110 

diffusion from the ambient surface to deep down in peat layers. Therefore, oxygen access at the 111 

bottom of the large peat layer is limited. To better simulate the oxidation occurring between 112 

peat and oxygen (the driving reaction during peat self-heating ignition), the oxygen diffusion 113 

and the influence of oxygen on reaction rate should be considered in the computational study. 114 

More importantly, Frank- Kamenetskii used a lumped global 1-step reaction scheme to describe 115 

the self-heating ignition process. However, as shown in the literature (Sparling 1981; Ranneklev 116 

and Baath 2003), there are two different types exothermic reactions occurring during this 117 

process: biological reaction and chemical oxidative reaction. At low temperatures (usually < 118 

100 oC), the respiration and growth of psychrophilic, mesophilic and thermophilic micro-119 

organisms (Pietikainen et al. 2005) can generate a significant amount of heat and this overall 120 

exothermic process in peat is referred to as biological reaction (Sparling 1981). At high 121 

temperatures (when micrograms die), the chemical oxidation of the biomass accelerates 122 

drastically due to the Arrhenius’s effect and becomes the dominant exothermic process.  123 

To give a better prediction of Tig and transient characteristics during peat self-heating 124 

ignition, a computational model that can simulate the complex physical and chemical processes 125 

(i.e mass transfer, heat transfer and multi-step reactions) is required. In this study, we build such 126 

a model based on the open-source code Gpyro and incorporate a 3-step reaction scheme 127 

( including both biological reaction, chemical oxidation, and drying ) to study the multi-step 128 

effect. The model is first validated against microscale experiments of (Sparling 1981) and 129 
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mesoscale experiments of (Restuccia et al. 2017) respectively. Based on the validated model, 130 

we simulate the self-heating ignition of field-size peat layers for the first time.  131 

Computational model 132 

Since the simulation of Restuccia et al. (2017)’s experiments is the starting point of this 133 

study, a brief introduction of the experimental study is given here. In these oven-basket 134 

experiments, commercial peat samples were first oven-dried at 80 oC for 48 h with a resulting 135 

moisture content (MC) of 5% (Huang et al. 2016) Restuccia et al. (2017) . Then inert fine 136 

grained silica sand was mixed with peat at different ratios. The inert silica was used to represent 137 

the inert matters (such as minerals) in natural peat layers. Inert matters enhance the heat transfer 138 

of the mixture via its higher heat conductivity than peat. They are therefore an important factor 139 

that affects the self-heating (Restuccia et al. 2017). To quantify the inert matters in the peatland 140 

system, inorganic content (IC) is introduced and the definition of it is shown in Eq.(1)..  141 

 
inert

organic inert

IC
m

m m
=

+
 (1) 142 

After the mixing procedure, the sample was packed into cubic shaped wire mesh (0.5 mm 143 

diameter) basket, which was hung in an isothermal oven with constant temperature for 8 hours. 144 

The oven temperature was increased between runs until ignition occurs. A thermocouple was 145 

placed in the centre of the sample to monitor the temperature history during the whole 146 

experiment. The ignition is considered to occur when the centre temperature of the sample is 147 

60 oC higher than the oven ambient temperature, according to British Standards EN 15188:2007 148 

(DIN). The time when the sample temperature reaches the aforementioned ignition criterion is 149 

defined as the time to ignition in this study. The critical minimum oven temperature that triggers 150 
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the ignition of the sample is referred to as Tig, the key indicator to quantify the self-heating 151 

propensity of a material.  152 

In order to investigate the influence of size and IC on the characteristic of self-heating 153 

ignition, 4 different sizes of baskets (The volumes of baskets used in the experiments are 131, 154 

442, 1049 and 3540 cm3, corresponding to the side length L = 51, 76, 102, 152 mm respectively ) 155 

were used and samples with 4 different inorganic content (IC) (IC= 3%, 35%, 51%, 86%) were 156 

tested. In these experiments, the density of the soil mixture increases nearly linearly for IC up 157 

to 50%. After this, the space taken up by the IC becomes too large for the pores to contain, and 158 

the organic content present per unit volume decrease, meaning that the samples above 50% IC 159 

are slightly compressed to ensure volume of the baskets remain constant. 160 

The schematic of the experimental setup is shown in Figure 1. By taking advantage of the 161 

geometrical symmetry of the experimental configuration, a 2-dimensional model is here. The 162 

choice of the dimensions is justified as follows: since the effect of gravity is considered (the 163 

gravity vector is in the z-direction), the dimension in the vertical direction (z) cannot be ignored. 164 

As the symmetry in x and y axis is both in geometry and for boundary conditions, either x or y 165 

can be reduced. The dimension in the x direction is therefore arbitrarily chosen to be considered. 166 

To save computational cost and time, the computation domain can be a half of the real sample 167 

as shown in Figure 1. 168 

The governing equations used to solve this self-heating problem are Eqs.(2)-(7), which 169 

impose conservations of (2) mass, (3) species and (4) energy in condensed phase as well as (5) 170 

mass, (6) species, and (7) momentum (Darcy’s law) in gas phase. Eq.(4)and Eq.(6) are two key 171 

equations in the simulation. They are responsible for the calculation of heat transfer and oxygen 172 
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transport. Oxygen transport can be important in the self-heating ignition of porous fuel layers. 173 

The consideration of oxygen transport in the model can lead to a more accurate prediction of 174 

Tig (Wu et al. 2016) and of the hot spot movement (Yuan et al. 2020a) as shown in the literature. 175 

A detailed description of how oxygen transport is calculated in the model has been reported in 176 

our previous work (Yuan et al. 2020a). 177 

Subscript z and x refer to vertical and horizontal directions respectively. Subscript i and j 178 

refer to condensed species and gas species respectively. In this work, i can be water/peat/sand 179 

and j can be oxygen/nitrogen/gaseous products. All the other symbols are explained in the 180 

nomenclature. The detailed mathematical formulation of Gpyro can be found in (Lautenberger 181 

2014). 182 

 fg
t





= −


 (2) 183 

 
( )i

fi di

Y

t


 


 = −


 (3) 184 

 

( )
( )di i

h T T
k k H

t x x z z




       
= + + −   

       
 (4) 185 

 
( ) x z

g fg

m m

t x z
  

  
+ + =

  
 (5) 186 

 
( ) ( ) ( )

j j

g j x j z j g eff g eff fj dj

Y Y
Y m Y m Y D D

t x z x x z z
     

        
   + + = − − + −   

         

 (6) 187 

 x( )   =         =  z g g

p p PM
m g m

z x RT

 
 

 

  
 = − −  

   

 (7) 188 

The boundary conditions and initial conditions required to solve the problem are as follow: 189 

For the symmetrical plane (i.e x=0) , adiabatic boundary condition ( Eq.(8) ) is used for energy 190 
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conservation equation and impermeable boundary condition ( Eq.(9) ) is used for the calculation 191 

of gas species. At free surfaces both convective and radiative heat transfer are considered 192 

( Eq.(10) and (12) ). An empirical heat transfer coefficient (hc=10W/m2K) (Wu et al. 2019) is 193 

used here and the emissivity (ε) of peat is 0.95 (Huang and Rein 2014). The gas transport is on 194 

the free surfaces is calculated through Eq.(11) and Eq.(13). hm is mass transfer coefficient, which 195 

can be calculated by hm= hc/Cg according to mass-heat transport analogy (Lautenberger and 196 

Fernandez-Pello 2009). Cg, the specific heat capacity for gas species, is assumed to be 1100 197 

J/kg-K as a constant (Lautenberger and Fernandez-Pello 2009) in the simulations. 198 

 
 

0

0
x

T
k

x =


=


 (8) 199 

  
0

0
j

g eff

x

Y
D

x


=


=


 (9) 200 

 
( ) ( )4 4

c oven oven/2 /2
/2

x L x L
x L

T
k h T T T T
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= =
=


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 ( )
/2

/2

j

g eff m j j x L
x L

Y
D h Y Y

x
 

=
=


= −


 (11) 202 

 ( ) ( )4 4

c oven oven0, 0,
0,

z L z L
z L

T
k h T T T T

z


= =
=


= − − − −


 (12) 203 

 
( )

0,
0,

j

g eff m j j z L
z L

Y
D h Y Y

z
 

=
=


= −


 (13) 204 

The initial temperature for the sample and the air is 20 oC. Toven was measured and reported 205 

in the experiments. The whole computational domain, including the pores inside the dust, has 206 
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the same initial gas composition as the ambient air (YO = 0.23/ YN = 0.77). 207 

Chemical kinetics 208 

The 3-step reaction scheme used to describe the chemical processes during self-heating 209 

ignition of smouldering peat fire is given by Eq.(14) -(16)  210 

There is an endothermic process occurring in natural peatland: drying ( Eq. (14) ). Peat can 211 

hold a wide range of moisture contents (MC) ranging from about 10% under drought conditions 212 

to well in excess of 300% under flooded conditions (Huang and Rein 2016). The evaporation 213 

of moisture absorbs heat generated from the two exothermic reactions and can therefore 214 

influence self-heating ignition. 215 

 2 2Peat H O Peat+H O →216 

 (14)217 

 , 2 ,Peat(bio) +  O   (1+ ) gasesb o b ov v→  (15) 218 

 , 2 , , ,Peat+  O  (1+  ) Gases  Residueox o ox o ox r ox rv v v v→ − +  (16) 219 

There are two main sources of heat generation: biological reaction (Eq.(15)) (Nelson et al. 220 

2003; Khanahmadi et al. 2004) and chemical oxidation (Eq.(16)) (Sparling 1981; Ranneklev 221 

and Baath 2003). The biological reaction here refers to the overall exothermic process during 222 

the respiration and growth of micro-organisms (Pietikainen et al. 2005) and it is proposed based 223 

on experimental studies in the literature (Koenig and Bari 2000; Pietikainen et al. 2005). The 224 

biological reaction is an aerobic process which occur at the ambient temperature < 100 oC, 225 

above which the micro-organisms die. On average, the biodegradable content ( referred to as 226 

peat(bio) in Eq.(15) ) accounts for ~ 20% of the mass fraction in organic matter as reported in 227 
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the experimental study of (Koenig and Bari 2000), the unbiodegradable peat and residue 228 

(account for 80% of the mass fraction of the peat sample) remain intact at biological reaction 229 

stage. 230 

The other exothermic process is the chemical oxidation of peat. This reaction also 231 

contributes to the heat generation at low temperatures (Hogland and Marques 2003), but the 232 

effect of it is not significant until the temperature increases to high levels (normally > 150 oC), 233 

where the chemical oxidation accelerates and becomes dominant (Ranneklev and Baath 2003).  234 

 , 2 , r r 1 (kg) peat+  (kg) O (1 ) (kg) Gases (kg) residueg o g o v v → + − +  (17) 235 

In previous studies (Restuccia et al. 2017; Yuan et al. 2019b), these two exothermic 236 

processes are incorporated into a 1-step global reaction scheme (Eq.(17)), which is not able to 237 

describe the different characteristics of the biological reaction and chemical oxidation, 238 

especially their different active temperature ranges and the transition mechanism: the heat 239 

generated from biological reaction accumulates and then triggers chemical oxidation, which 240 

eventually leads to the smouldering fires. This is a two-stage process, where the low 241 

temperature reaction serves as the step to the high temperature reaction (Li et al. 2016; Yuan et 242 

al. 2020b).To demonstrate the multi-step effect during self-heating ignition of peat wildfires 243 

and justify the application of the scheme at field-scale scenarios, the comparison between the 244 

multi-step scheme and 1-step scheme are given in the latter sections. 245 

Parametrization for chemistry 246 

For heterogeneous reactions stoichiometry is usually given on a mass basis rather than 247 

molar basis (Ohlemiller 1985). For example, the reaction k of condensed species reactant (R) 248 

in mass basis is given by Eq.(18) (Huang and Rein 2015) : 249 
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 , , ,

1 1

 + gas   + gas 
N N

k j k p k k j k

j j

R v j v P v j
= =

 →   (18) 250 

where νP,k = (ρP/ρR -1)χk.  χk quantifies the shrinkage or expansion.  251 

The reaction rates of drying and chemical oxidation have Arrhenius’s form (Huang and 252 

Rein 2014; Restuccia et al. 2017). The calculation of reactions follows the method reported in 253 

the literature (Lautenberger et al. 2006; Huang and Rein 2015). The destruction rate of species 254 

R in the reaction k is given by Eqs (19) and (20).  255 

 

,

,

O

( ) ( )

( )

p k

O k

k

n

nE RTR R
dR k

R

Y Z Y Z
A e Y

Z Y Z

 




−



  
 =  

  

 (19) 256 

 0

0

( ) ( )|

t

R R t fRY Z Y Z Z d    =
 =  +   (20) 257 

The formation rate of the solid species product(P) is 
,k kdp B k dRv  = . 258 

For the biological reaction occurring in peat, there is an optimum temperature for reaction 259 

rate (Pietikainen et al. 2005). Below this temperature the reaction rate is a monotonically 260 

increasing function of temperature. Above this temperature, the reaction rate decreases, 261 

representing the fact that micro-organisms die or become dormant at high temperatures. For 262 

this reaction characteristic, the traditional Arrhenius law is not suitable. Instead Eq.(21) is 263 

applied here to calculate the biological reaction rate as used in previous studies (Moraga et al. 264 

2009; Luangwilai et al. 2013) 265 

 

1

, ,

2

1
O

21

R k O k

E RT
n n

dRk R RE RT

Ae
Y Y Y

A e
 

−

−
=

+
 (21) 266 

A1 and E1 are pre-exponential factor and activation energy for exothermic micro-organism 267 

https://doi.org/10.1071/WF19128


15 

This is the accepted version of this paper.  Paper can be referenced as:  

H. Yuan, F. Restuccia, G. Rein. Spontaneous ignition of soils: A multi-step reaction scheme 

to simulate self-heating ignition of smouldering peat fires, International Journal of Wildland 

Fire, 2021. https://doi.org/10.1071/WF19128  

activities. A2 and E2 are pre-exponential factor and activation energy for the inhibition of 268 

exothermic micro-organism activities.  269 

The values for all the chemical parameters used in the multi-step scheme are listed in 270 

Table 1. For the biological reaction, there are computational and experimental studies 271 

conducted before (Mariano et al. 1995; Zambra et al. 2011; Zambra et al. 2012), which reported 272 

the value or value range for each parameter. For the parameters (Eb1, Ab1, Eb2, Ab2) where value 273 

ranges are given, their parametrization follows the method used in (Rein et al. PROCI 2005) 274 

and they are calibrated to ensure active temperature range reported in (Pietikainene et al. 2005) 275 

and the heat generated rate reported in (Sparling 1981) can be well predicted.  276 

Using the parameters listed in  277 

Table 1, a TGA experiment for peat sample at a heating rate of 0.5 oC/min is simulated and 278 

the simulation is compared with the only microcalorimetry (Sparling 1981) that the authors 279 

found in literature for peat to demonstrate the validity of the parametrization.  280 

 As shown in Figure 2, the reaction increases with temperature and then decreases to 281 

negligible values after 80 oC. This trend well characterises the temperature dependence of 282 

biological reaction rate as discussed before. The max reaction rate occurs at 50 oC, which is 283 

within the optimum temperature range (45oC-60oC) reported in (Pietikainen et al. 2005). A more 284 

quantitative validation is given by the comparison with the microscale calorimetry experiment 285 

in (Sparling 1981). It is shown in (Sparling 1981) that the heat generation rate due to the 286 

biological reaction is 35 μW/g peat at 22 oC, equivalent to 5×10-9 1/s ( = 
35 𝜇𝑊/𝑔

7 MJ/kg
 ). This is very 287 

close to the simulated value as shown in Figure 2. Regarding the stoichiometry of oxygen 288 

consumption,  the generation of 14 MJ of biological heat consumes 1 kg of oxygen as shown 289 

https://doi.org/10.1071/WF19128


16 

This is the accepted version of this paper.  Paper can be referenced as:  

H. Yuan, F. Restuccia, G. Rein. Spontaneous ignition of soils: A multi-step reaction scheme 

to simulate self-heating ignition of smouldering peat fires, International Journal of Wildland 

Fire, 2021. https://doi.org/10.1071/WF19128  

in the literature (Sparling 1981; Koenig and Bari 2000). For 1kg of organic soil that can generate 290 

7 MJ heat, 0.5 kg of oxygen is required in the biological reaction.  291 

For drying and oxidative reactions, the kinetic parameters are obtained from the work 292 

conducted previously using the same type of peat (Restuccia et al. 2017; Huang and Rein 2019). 293 

Among the kinetic parameters for oxidative reaction, E is optimized here because the 294 

uncertainty of E can lead to a significant difference in simulating results (Yuan et al. 2019a). 295 

Therefore, it is better to calibrate this value rather than the other values. A detailed discussion 296 

on this point has been given in our previous sensitivity analysis (Yuan et al. 2019a). The 297 

parametrization for the oxidation reaction is justified by the good agreement between the 298 

simulations of oven-basket experiments with experimental measurements (where the biological 299 

reaction stops, and only chemical oxidation is active)  as shown later in the section Validation 300 

against experiments. 301 

Parametrization for heat and mass transfer 302 

The thermo-physical parameters of water, peat, and residue sand are listed in Table 2, 303 

where subscript w/p/r/s represent water/peat/residue/sand respectively. For the water and 304 

residue, all the thermo-physical properties required in the simulations are taken from (Huang 305 

and Rein 2019). For peat, the heat conductivity and specific heat capacity are from (Huang and 306 

Rein 2019), the bulk density and porosity are obtained directly from the original experimental 307 

study (Restuccia et al. 2017), and the tortuosity is from (Rezanezhad et al. 2009). Tortuosity (τ) 308 

is a term used to define the ratio of actual average length (L) of the channel of fluid flow to 309 

straight-line length (Lstraight) across the medium in the porous material as shown in Eq.(22) . It 310 

is a parameter that influences the mass diffusion of gas species. For example, the material with 311 
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larger tortuosity has a smaller diffusivity. This influence is quantified by introducing effective 312 

mass diffusivity as shown in Eq.(23) (Epstein 1989). The effective diffusivity (Deff) is the 313 

product of the diffusivity (Dfree) of gas species in the free space and 1/τ2. The Deff is the 314 

diffusivity used in gas phase mass conservation equation ( Eq.(6) ) and corresponding boundary 315 

conditions. 316 

 
straight

L

L
 =  (22) 317 

 

2

eff free

1
D D



 
=  
 

 (23) 318 

For sand, most of thermo-physical properties are obtained from literature (Somerton 1958; 319 

Kiyohashi et al. 2004) except for bulk density(ρs) which was measured in (Restuccia et al. 320 

2017).  321 

The thermo-physical properties of all the species are assumed to be constant. All gaseous 322 

species have unit Schmidt number and equal free diffusion coefficient and specific heat. For the 323 

cases where water, peat, and sand are mixed, the averaged properties in each cell are calculated 324 

by weighting appropriate mass (Yi) or volume fractions (Xi) [11], where i refers to peat, sand or 325 

water. For example, 326 

 
,  ,  ,i i i i i i i ic Yc X k X k X   = = = =  (24) 327 

Validation against experiments 328 

In the simulations, the oven temperature was increased with an increment of 2 oC until an 329 

ignition is observed. The experiments of Restuccia et al. (2017) used the criterion in the 330 
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Standards EN 15188:2007 (i.e 60 oC higher than Toven). To make a fair comparison, the same 331 

ignition criterion is used in the model validation and simulations for consistency. The moisture 332 

content is 5% for the peat sample after the pre-heating process (See Section Computational 333 

model). A grid/time step independence study was conducted to ensure that the simulation results 334 

are not dependent on grid size or time step. Details can be found in our previous study (Yuan et 335 

al. 2019a). The solution starts to converge at Δz= Δx=0.1 mm and Δt=0.01 s. Further 336 

decreasing grid size or time step does not affect simulation results much but significantly 337 

increases computational time. Thus, the simulations in this section are conducted at this grid 338 

size and time step. 339 

The model simulates all 13 experiments covering 4 sample sizes (L= 51, 76, 102, and 152 340 

mm) and 4 IC values (IC = 3, 35, 51, and 86%). The simulations demonstrate a good agreement 341 

with experiments on Tig. The comparison results for two middle-sized cases (L=76 mm) are 342 

shown in Figure 3 as examples of validation. Figure 3 (a) displays results at 3% IC. When the 343 

oven temperature is 158 oC, no ignition occurs as the central temperature flattens out after 200 344 

min. When the temperature is increased to 164 oC, the sample temperature starts to increase 345 

rapidly after 150 min and reaches 224oC (the criterion of ignition, i.e 60 oC higher than Toven) 346 

within 20 min. The model reasonably predicts the temperature trends at both subcritical and 347 

supercritical conditions. The good agreement between prediction and experimental data can 348 

also be observed for the case of IC=51% and L=76 mm as shown in Figure 3 (b). In this case, 349 

the Tig is 166 oC, while the time to ignition is approximately 230 min. It is seen that the model 350 

is able to predict the critical ignition temperature (Tig), temperature trend and the time to ignition 351 

for peat layers. 352 
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In order to demonstrate the transient self-heating characteristics in 2D geometry, the 353 

transient profiles of temperature, oxygen, reaction rates, and the mass fraction of peat (Yp) for 354 

the case of IC=3% and L= 76mm at supercritical condition (corresponds to the red curve in 355 

Fig.2(a) ) are shown in Figure 4 to 8.  356 

Figure 4 shows the transient temperature change in the whole computational domain from 357 

155 to 175 min. At t=155 min, when ignition occurs, a hot region emerges at the sample center. 358 

As the ignition proceeds, the hot region grows from the center to the whole sample. At t = 175 359 

min, for the majority of the sample the temperature is higher than 220 oC, indicating the 360 

occurrence of ignition. Figure 5 is the transient profile of oxygen during the same period time. 361 

At t = 155 min, the oxygen concentration at the sample center approaches 0% , indicating that 362 

oxygen has been consumed and the consumption rate is larger than diffusion rate. Afterwards, 363 

the consumption of oxygen accelerates and the oxygen-depleted area (YO = 0) spreads from the 364 

center of the sample to almost the whole sample. The rapid depletion of oxygen in the sample 365 

is caused by chemical oxidation rather than biological reaction as shown clearly by comparing 366 

Figure 6 and Figure 7: Between t = 155 min to t = 175 min, the reaction rate of biological 367 

reaction is zero ( Figure 6 ) because most of microorganisms die at pre-drying process  and the 368 

biological activities stop at high oven temperatures (temperature > 150 oC), (See Figure 2). At 369 

the same time, chemical oxidation accelerates rapidly, and the circular reaction zone moves 370 

from the center to the periphery. This is because the oxygen is depleted at the center area, so 371 

the reaction zone spreads to the free surface seeking for oxygen supply (Yuan et al. 2020a).  372 

Figure 8 shows the transient profiles of Yw (mass fraction of water). As moisture content 373 

is only 5% , water evaporates quickly in the oven and at t = 175 min peat sample has been dried 374 
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completely. Figure 9 shows the transient profiles of Yp (mass fraction of original peat). Until t 375 

= 175 min, the consumption of peat is still very small ( less than 0.5% ), agreeing with classical 376 

self-heating theory (Bowes 1984) and previous studies on other self-heating materials 377 

(Krishnaswamy et al. 1996) .The predictions of Tig for all 13 experiments are compared with 378 

the experimental data in (Restuccia et al. 2017) and with the predictions using the 1-step scheme 379 

(i.e Eq.(17)). Simulations show a satisfactory agreement with experimental measurements, with 380 

an average error less than 5 oC. The effect of inorganic content is also predicted correctly by 381 

the model. Tig increases with IC and the increase of Tig can be up to 30oC when IC increases 382 

from 3% to 86%. The influence of inorganic content consists of two aspects. Firstly, inorganic 383 

content dilutes the reactive components in the soil mixture. As a result, the heat of reaction for 384 

the mixture decreases with increasing IC. Therefore, a higher Tig is required to trigger ignition 385 

due to the deceasing reactivity of the mixture.  In addition, mixing peat with sand reduces the 386 

oxygen diffusion rate in the sample. As shown in Table 2, sand (τs=100) has much larger 387 

tortuosity than peat (τp=3.3). Thus, for the sample with a large amount of IC like sand, oxygen 388 

is hard to diffuse into the sample, and the ignition threshold temperature therefore increases.  389 

The comparison between the 3-step scheme and 1-step scheme shows that the 390 

predictions of the two schemes are very close and the difference is within 3 oC. Despite the 391 

simplification, the 1-step scheme is still able to predict Tig for self-heating ignition of peat in 392 

the experiments. This is because drying and biological reaction don’t have significant influence 393 

in those experiments (Restuccia et al. 2017): the peat tested in the oven has been preheated and 394 

the moisture content is only 5%, very similar to a dry sample. In addition, due to the pre-heating 395 

procedure and high oven temperature, the biological reaction rate is almost zero (See Figure 396 
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6), the effect of which is negligible. However, in field-scale natural peatland, drying and 397 

biological reaction would have a significant influence on self-heating ignition, which requires 398 

a multi-step scheme. Further comparison and discussion will be given in the next section. 399 

Prediction of critical ignition temperature for natural peat layers at field scale 400 

Natural peat layers are typically several kilometers wide, but no deeper than 20 m (Page 401 

et al. 2011). Since the thickness (L) of the layer is normally one order of magnitude smaller 402 

than the width, the natural peat layer can be regarded as a semi-finite plane in the simulation 403 

(see Figure 11). Our simulations of self-heating ignition in natural peat layers are based on the 404 

validated model presented before with some specific assumptions for field-scale peat layers: 405 

The heat transfer and mass transfer in horizontal direction can be neglected due to the semi-406 

finite approximation and a 1D model therefore is used here. In terms of boundary conditions, 407 

for the free surface on top, we consider the heat convection, heat radiation and mass transfer by 408 

diffusion between the ambient and the free surface using Eq.(25) and (26) (Huang et al. 2015). 409 

For the bottom, an arbitrary small amount of heat losses (3 W/m2K) ( Eq.(27) ) is considered to 410 

account for the heat loss through the water table and the impermeable boundary ( Eq.(28) ) is 411 

applied for the mass transfer of gas species. To save on computational cost, the grid size and 412 

time step used in the field-scale simulations are Δz = 1 mm and 1s respectively. The 413 

preliminary simulations show that the predication of critical ignition temperature is still 414 

accurate at this grid size and time step. For a typical field-scale case, it takes 20 hours using an 415 

Intel i7-6700HQ (2.60 GHz×4) CPU. 416 
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We simulate the self-heating ignition of peat layers at three different thickness (0.5m, 1m, 421 

and, 1.5m) with a wide range of IC (3-86%) in both dry and wet conditions. The Tig (the average 422 

ambient temperature that triggers the ignition) predicted for dry condition are compared with 423 

the predictions by 1-step scheme in Figure 12. 424 

According to the simulations of 3-step scheme, Tig decreases significantly with the layer 425 

thickness. At L=0.5m, Tig is around 90 
oC even at a very low IC. For a peatland layer with this 426 

thickness, self-heating ignition would not occur as the ambient temperature in natural peatland 427 

does not exceed 50 oC. However, at L=1.5 m, the Tig can be less than 40 oC within a wide range 428 

of IC values (from 3% of IC to 45% of IC). 40oC is a temperature possible in the hot season of 429 

tropical areas. In other words, the self-heating ignition is possible for L > 1.5 m in dry conditions. 430 

Comparing the computational simulations with the predictions of the 1-step scheme, it is found 431 

that for the case of L= 0.5 m, the Tigs predicted by the two methods are still close and the 432 

predicting difference is less than 13 oC. However, as L increases, the Tig calculated by the 1-step 433 

scheme becomes significantly higher than the prediction of the computational model and the 434 

difference can be up to 40 oC at L=1.5 m. This difference is because the two exothermic 435 

reactions that occur at different temperature ranges are not well characterized by the lumped 1-436 
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step reaction scheme, especially for the biological reaction, which does not follow the Arrenhius 437 

law and has a low active temperature range ( as shown in the section of Chemical kinetics). In 438 

the small-size scenario, where the critical temperature is high (> 100 oC) and the self-heating 439 

ignition is mainly influenced by the chemical oxidation of peat, the one-step reaction scheme 440 

could be applicable (See Figure 10). However, as the sample size increases, the critical 441 

temperature deceases significantly. The effect of the biological reaction becomes more 442 

important and therefore needs to be considered separately using a multi-step scheme. 443 

Neglecting the exothermic reaction initiating at low temperature range can lead to over-444 

predictions of Tig. 445 

The predicted Tig for dry and wet layers are compared in Figure 13. The moisture content 446 

100% is used as it is a representative moisture content for natural wet peatland as shown in (Hu 447 

et al. 2019). According to the simulations, moisture content raises the temperature thresholds 448 

of self-heating ignition, and the influence of MC is more significant as IC increases. The Tig is 449 

15 to 20 oC higher in wet conditions than in dry conditions when IC is less than 50%. Once IC 450 

increases to 80%, the difference in Tig between these two conditions can be up to 35 oC (at L = 451 

1.5 m). Considering the influence of drying, the Tig can still be less than 40 oC for the IC ranging 452 

from 3% to 20%. 453 

The effect of different reactions for field-scale peat layer is further analyzed in Figure 14 454 

and Figure 15. These two figures present the predicted transient profiles of reaction rates, 455 

temperature, and oxygen concentration for a peat layer with L=1.5 m, MC = 100%, IC = 3%, 456 

and Tamb = 40 oC. It is seen in Figure 14 (a) that drying is the main reaction at initial stage and 457 

its reaction front spreads from top to bottom. Following the drying front is the front of biological 458 
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reaction. At this stage, the accumulation of the heat generated by biological reaction is still 459 

small. From the free surface to the reaction front of drying, the situation can be regarded as 460 

quasi-steady state heat transfer (with no internal heat source). Therefore, the temperature profile 461 

from the top to the reaction front of drying is almost linear. However, after 190 days (by 462 

scrutinizing the last two sub-figures of Fig. 14 we can find that) the profiles start to curve 463 

because the influence of heat generation from biological reaction become significant, and 464 

therefore the situation cannot be regarded as a simple heat transfer problem any longer. The 465 

heat accumulation leads to the acceleration of the drying process and further temperature 466 

increase.  467 

 At a later stage (shown in Figure 15) all the water in the peat layer has evaporated and 468 

the temperature of the lower layer rises to more than 100 oC. The rate of biological reaction 469 

diminishes and approaches 0 as a result of the death or dormancy of micro-organisms. However, 470 

heat is still being generated and accumulated due to the chemical oxidation, which allows for 471 

the continuous increase of temperature. Because of the Arrhenius effect of oxidative reaction, 472 

this temperature rise results in a greater oxidation rate, which in turn generates more heat. 473 

Eventually, this upward spiral of self-heating mechanism leads to the ignition of whole peat 474 

layers. Following ignition, the reaction front of chemical oxidation moves upward. This is 475 

because the oxygen at the bottom is depleted, so chemical oxidation spreads towards the free 476 

surface to seek oxygen supply. This phenomenon can be regarded as smouldering spread, which 477 

has been discussed in detail (Yuan et al. 2020a). 478 

 479 

https://doi.org/10.1071/WF19128


25 

This is the accepted version of this paper.  Paper can be referenced as:  

H. Yuan, F. Restuccia, G. Rein. Spontaneous ignition of soils: A multi-step reaction scheme 

to simulate self-heating ignition of smouldering peat fires, International Journal of Wildland 

Fire, 2021. https://doi.org/10.1071/WF19128  

Conclusions 480 

In this work, we have developed a physics-based computational model to simulate self-481 

heating ignition of peat layers at field scale for the first time. The model is validated against 13 482 

lab-scale experiments covering a large range of sample sizes (heights ranging from 51 mm to 483 

152 mm) and soil inert contents (from 3% to 86%). The validation demonstrates that the model 484 

can predict correctly the transient temperature change, the time to ignition, and critical ignition 485 

temperature (Tig). Based on the validated model, we predict Tig for natural peat layers at field 486 

scale and compare the simulations results with the Tig predicted by classic 1-step scheme.  487 

The comparison demonstrates that by considering biological and oxidative reactions 488 

separately, the computational model gives a significantly lower prediction of Tig than the 1-step 489 

scheme at field scale. According to computational simulations, a 1.5 m deep peat layer can be 490 

self-ignited under an average ambient temperature of 40 oC for inorganic contents ranging 3% 491 

to 45% at dry condition and 3% to 20% at wet condition. A further analysis on the multi-step 492 

effect reveals that the heat generated by biological reaction can accumulate in field-scale peat 493 

layer and then trigger the oxidative reaction, which eventually leads to the self-heating ignition 494 

of peat layers, agreeing with the findings in the literature (Zambra et al. 2012; Hänninen 2017). 495 

It is the first time that a multi-step scheme is used to simulate the self-heating ignition of 496 

smouldering peat fires, aiming to help in the prevention and mitigation of these wildfires. 497 

Acknowledgements 498 

This work was funded by European Research Council (ERC) Consolidator Grant HAZE 499 

(682587) and the President’s PhD Scholarship Scheme of Imperial College London.  500 

 501 

https://doi.org/10.1071/WF19128


26 

This is the accepted version of this paper.  Paper can be referenced as:  

H. Yuan, F. Restuccia, G. Rein. Spontaneous ignition of soils: A multi-step reaction scheme 

to simulate self-heating ignition of smouldering peat fires, International Journal of Wildland 

Fire, 2021. https://doi.org/10.1071/WF19128  

Conflicts of Interest 502 

"The authors declare no conflicts of interest." 503 

References  504 

Aganetti, R, Lamorlette, A, Guilbert, E, Morvan, D, Thorpe, GR (2016) Advection and the self-505 

heating of organic porous media. International Journal of Heat and Mass Transfer 93, 506 

1150-1158. 507 

Benscoter, BW, Wieder, RK (2003) Variability in organic matter lost by combustion in a boreal 508 

bog during the 2001 Chisholm fire. Canadian Journal of Forest Research 33, 2509-509 

2513. 510 

Bertschi, IT, Jaffe, DA (2005) Long‐range transport of ozone, carbon monoxide, and aerosols 511 

to the NE Pacific troposphere during the summer of 2003: Observations of smoke 512 

plumes from Asian boreal fires. Journal of Geophysical Research: Atmospheres 110, 513 

Bowes, P (1984) 'Self-heating: evaluating and controlling the hazards.' (Building Research 514 

Establishment: UK) 515 

CEN (2006) Determination of the spontaneous ignition behaviour of dust accumulations,  516 

European project of standard PrEN 15188. European Committee for Standardization 517 

DIN, E 15188: 2007 Determination of the spontaneous ignition behaviour of dust 518 

accumulations.  519 

Epstein, N (1989) On tortuosity and the tortuosity factor in flow and diffusion through porous 520 

media. Chemical engineering science 44, 777-779. 521 

Hänninen, KI (2017) A Chemical Mechanism for Self-ignition in a Peat Stack. Environment 522 

and Ecology Research 5, 6-12. 523 

Hogland, W, Marques, M (2003) Physical, biological and chemical processes during storage 524 

and spontaneous combustion of waste fuel. Resources, Conservation and Recycling 40, 525 

53-69. 526 

Hu, Y, Christensen, E, Restuccia, F, Rein, G (2019) Transient gas and particle emissions from 527 

smouldering combustion of peat. Proceedings of the Combustion Institute 37, 4035-528 

4042. 529 

Hu, Y, Fernandez-Anez, N, Smith, TE, Rein, G (2018) Review of emissions from smouldering 530 

peat fires and their contribution to regional haze episodes. International Journal of 531 

Wildland Fire 27, 293-312. 532 

Huang, X, Rein, G (2014) Smouldering combustion of peat in wildfires: Inverse modelling of 533 

the drying and the thermal and oxidative decomposition kinetics. Combustion and 534 

Flame 161, 1633-1644. 535 

Huang, X, Rein, G (2015) Computational study of critical moisture and depth of burn in peat 536 

fires. International Journal of Wildland Fire 24, 798. 537 

Huang, X, Rein, G (2016) Interactions of Earth's atmospheric oxygen and fuel moisture in 538 

smouldering wildfires. Science of The Total Environment 572, 1440-1446. 539 

Huang, X, Rein, G (2019) Upward-and-downward spread of smoldering peat fire. Proceedings 540 

of the Combustion Institute 37, 4025-4033. 541 

Huang, X, Rein, G, Chen, H (2015) Computational smoldering combustion: predicting the roles 542 

https://doi.org/10.1071/WF19128


27 

This is the accepted version of this paper.  Paper can be referenced as:  

H. Yuan, F. Restuccia, G. Rein. Spontaneous ignition of soils: A multi-step reaction scheme 

to simulate self-heating ignition of smouldering peat fires, International Journal of Wildland 

Fire, 2021. https://doi.org/10.1071/WF19128  

of moisture and inert contents in peat wildfires. Proceedings of the Combustion Institute 543 

35, 2673-2681. 544 

Huang, X, Restuccia, F, Gramola, M, Rein, G (2016) Experimental study of the formation and 545 

collapse of an overhang in the lateral spread of smouldering peat fires. Combustion and 546 

Flame 168, 393-402. 547 

Khanahmadi, M, Roostaazad, R, Safekordi, A, Bozorgmehri, R, Mitchell, DA (2004) 548 

Investigating the use of cooling surfaces in solid-state fermentation tray bioreactors: 549 

modelling and experimentation. Journal of Chemical Technology and Biotechnology 79, 550 

1228-1242. 551 

Kiyohashi, H, Sasaki, S, Masuda, H (2004) Effective thermal conductivity of silica sand as a 552 

filling material for crevices around radioactive-waste canisters. High temperaure-High 553 

pressures 35, 179-192. 554 

Koenig, A, Bari, QH (2000) Application of Self-Heating Test for Indirect Estimation of 555 

Respirometric Activity of Compost: Theory and Practice. Compost Science & 556 

Utilization 8, 99-107. 557 

Krishnaswamy, S, Agarwal, PK, Gunn, RD (1996) Low-temperature oxidation of coal. 3. 558 

Modelling spontaneous combustion in coal stockpiles. Fuel 75, 353-362. 559 

Lautenberger, C (2014) Gpyro3D: A three dimensional generalized pyrolysis model. Fire Safety 560 

Science 11, 193-207. 561 

Lautenberger, C, Fernandez-Pello, C (2009) Generalized pyrolysis model for combustible 562 

solids. Fire Safety Journal 44, 819-839. 563 

Lautenberger, C, Rein, G, Fernandez-Pello, C (2006) The application of a genetic algorithm to 564 

estimate material properties for fire modeling from bench-scale fire test data. Fire Safety 565 

Journal 41, 204-214. 566 

Li, Z, Zhang, Y, Jing, X, Zhang, Y, Chang, L (2016) Insight into the intrinsic reaction of brown 567 

coal oxidation at low temperature: Differential scanning calorimetry study. Fuel 568 

Processing Technology 147, 64-70. 569 

Luangwilai, T, Sidhu, HS, Nelson, MI (2013) Biological self-heating in compost piles: A 570 

Semenov formulation. Chemical Engineering Science 101, 533-542. 571 

Mariano, G-R, Richard, A, Claude, BJ, Sergio, R (1995) A mathematical model for solid state 572 

fermentation of mycelial fungi on inert support. The Chemical Engineering Journal and 573 

The Biochemical Engineering Journal 60, 189-198. 574 

Moraga, NO, Corvalán, F, Escudey, M, Arias, A, Zambra, CE (2009) Unsteady 2D coupled heat 575 

and mass transfer in porous media with biological and chemical heat generations. 576 

International Journal of Heat and Mass Transfer 52, 5841-5848. 577 

Moreno, L, Jiménez, M-E, Aguilera, H, Jiménez, P, de la Losa, A (2010) The 2009 Smouldering 578 

Peat Fire in Las Tablas de Daimiel National Park (Spain). Fire Technology 47, 519-538. 579 

Nelson, MI, Balakrishnan, E, Chen, XD (2003) A Semenov Model of Self-Heating in Compost 580 

Piles. Process safety and environmental protection 81, 375-383. 581 

Ohlemiller, TJ (1985) Modeling of smoldering combustion propagation. Progress in Energy 582 

and Combustion Science 11, 277-310. 583 

Page, SE, Rieley, JO, Banks, CJ (2011) Global and regional importance of the tropical peatland 584 

carbon pool. Global Change Biology 17, 798-818. 585 

Pietikainen, J, Pettersson, M, Baath, E (2005) Comparison of temperature effects on soil 586 

https://doi.org/10.1071/WF19128


28 

This is the accepted version of this paper.  Paper can be referenced as:  

H. Yuan, F. Restuccia, G. Rein. Spontaneous ignition of soils: A multi-step reaction scheme 

to simulate self-heating ignition of smouldering peat fires, International Journal of Wildland 

Fire, 2021. https://doi.org/10.1071/WF19128  

respiration and bacterial and fungal growth rates. FEMS Microbiology Ecology 52, 49-587 

58. 588 

Poulter, B, Christensen Jr, NL, Halpin, PN (2006) Carbon emissions from a temperate peat fire 589 

and its relevance to interannual variability of trace atmospheric greenhouse gases. 590 

Journal of Geophysical Research: Atmospheres 111, 1-11. 591 

Ranneklev, SB, Baath, E (2003) Use of phospholipid fatty acids to detect previous self-heating 592 

events in stored peat. Appl Environ Microbiol 69, 3532-9. 593 

Rein, G (2013) Smouldering fires and natural fuels. Chapter 2 in: Fire Phenomena in the Earth 594 

System – An Interdisciplinary Approach to Fire Science 15-34. 595 

Restuccia, F, Huang, X, Rein, G (2017) Self-ignition of natural fuels: Can wildfires of carbon-596 

rich soil start by self-heating? Fire Safety Journal 91, 828-834. 597 

Rezanezhad, F, Quinton, WL, Price, JS, Elrick, D, Elliot, T, Heck, RJ (2009) Examining the 598 

effect of pore size distribution and shape on flow through unsaturated peat using 599 

computer tomography. Hydrology and Earth System Sciences 13, 1993-2002. 600 

Santana, MM, Gonzalez, JM (2015) High temperature microbial activity in upper soil layers. 601 

FEMS Microbiology Letters 362, 602 

Sidhu, HS, Nelson, M, Chen, XD (2006) A simple spatial model for self-heating compost piles. 603 

ANZIAM Journal 48, 135-150. 604 

Somerton, WH (1958) Some thermal characteristics of porous rocks. Petroleum Transactions 605 

213, 375-378. 606 

Sparling, G (1981) Microcalorimetry and other methods to assess biomass and activity in soil. 607 

Soil Biology and Biochemistry 13, 93-98. 608 

Turetsky, MR, Benscoter, B, Page, S, Rein, G, van der Werf, GR, Watts, A (2014) Global 609 

vulnerability of peatlands to fire and carbon loss. Nature Geoscience 8, 11-14. 610 

Wu, D, Schmidt, M, Berghmans, J (2019) Spontaneous ignition behaviour of coal dust 611 

accumulations: A comparison of extrapolation methods from lab-scale to industrial-612 

scale. Proceedings of the Combustion Institute 37, 4181-4191. 613 

Wu, D, Vanierschot, M, Verplaetsen, F, Berghmans, J, Van den Bulck, E (2016) Numerical study 614 

on the ignition behavior of coal dust layers in air and O2/CO2 atmospheres. Applied 615 

Thermal Engineering 109, 709-717. 616 

Yuan, H, Restuccia, F, Rein, G (2020a) Computational study on self-heating ignition and 617 

smouldering spread of coal layers in flat and wedge hot plate configurations. 618 

Combustion and Flame 214, 346-357. 619 

Yuan, H, Restuccia, F, Richter, F, Rein, G (2019a) A computational model to simulate self-620 

heating ignition across scales, configurations, and coal origins. Fuel 236, 1100-1109. 621 

Yuan, H, Restuccia, F, Richter, F, Rein, G (2019b) Computational study of self-heating ignition 622 

in peatland ecosystems. In '11th Mediterranean Combustion Symposium. Volume FE01 623 

pp. 1-12. 624 

Yuan, H, Richter, F, Rein, G (2020b) A multi-step reaction scheme to simulate self-heating 625 

ignition of coal: Effects of oxygen adsorption and smouldering combustion. 626 

Proceedings of the Combustion Institute 627 

Zambra, CE, Moraga, NO, Escudey, M (2011) Heat and mass transfer in unsaturated porous 628 

media: Moisture effects in compost piles self-heating. International Journal of Heat and 629 

Mass Transfer 54, 2801-2810. 630 

https://doi.org/10.1071/WF19128


29 

This is the accepted version of this paper.  Paper can be referenced as:  

H. Yuan, F. Restuccia, G. Rein. Spontaneous ignition of soils: A multi-step reaction scheme 

to simulate self-heating ignition of smouldering peat fires, International Journal of Wildland 

Fire, 2021. https://doi.org/10.1071/WF19128  

Zambra, CE, Moraga, NO, Rosales, C, Lictevout, E (2012) Unsteady 3D heat and mass transfer 631 

diffusion coupled with turbulent forced convection for compost piles with chemical and 632 

biological reactions. International Journal of Heat and Mass Transfer 55, 6695-6704. 633 

 634 

  635 

https://doi.org/10.1071/WF19128


30 

This is the accepted version of this paper.  Paper can be referenced as:  

H. Yuan, F. Restuccia, G. Rein. Spontaneous ignition of soils: A multi-step reaction scheme 

to simulate self-heating ignition of smouldering peat fires, International Journal of Wildland 

Fire, 2021. https://doi.org/10.1071/WF19128  

Figures and Tables 636 

 637 
Figure 1 Schematics for experimental set-up (Restuccia et al. 2017) and two-dimensional computational 638 
domain; The thermocouples are placed at the sample center and in the oven to to measure the sample and 639 

ambient temperatures separately 640 

 641 
Figure 2 Simulated reaction rates of biological reaction as a function of temperature at the heating rate of 642 
0.5oC/min; Experimental findings from (Sparling 1981; Pietikainen et al. 2005) are shown for comparison 643 
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 644 
Figure 3 Comparison of predicted and measured (Restuccia et al. 2017) temperature histories at 645 

subcritical(blue) and supercritical(red) conditions for IC=3% and IC=51% at the sample size of L =76mm. 646 
Note: there is 3% inherent residue in the original (unmixed) peat sample. Therefore, IC=3% refers to the 647 

case where only original peat is used 648 

 649 
Figure 4 Transient temperature profiles (from 155 min to 175 min) for the supercritical condition (Toven = 650 

164 oC) at IC=3% and L= 76mm. 651 
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 652 
Figure 5 Transient oxygen profiles (from 155 min to 175 min) for the supercritical condition (Toven = 164 653 

oC) at IC=3% and L= 76mm. 654 

 655 
Figure 6 Transient reaction rate profiles of biological reaction (from 155 min to 175 min) for the 656 

supercritical condition (Toven = 164 oC) at IC=3% and L= 76mm. 657 

 658 
Figure 7 Transient reaction rate profiles of chemical oxidation (from 155 min to 175 min) for the 659 
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supercritical condition (Toven = 164 oC) at IC=3% and L= 76mm. 660 

 661 
Figure 8 Transient profiles of mass fraction of water (from 155 min to 175 min) for the supercritical 662 

condition (Toven = 164 oC) at IC=3% and L= 76mm. 663 

 664 
Figure 9 Transient profiles of mass fraction of peat (from 155 min to 175 min) for the supercritical 665 

condition (Toven = 164 oC) at IC=3% and L= 76mm. 666 

 667 
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s  668 
Figure 10 Comparison of experimental data (Restuccia et al. 2017) and simulations for samples with 669 

different sizes: symbols represent experimental data, lines represent simulation (the solid lines for 3-step 670 
scheme and the dotted lines for 1-step scheme ); Different colors refer to different mass fractions of sand in 671 

the sample.  672 

 673 
Figure 11 Schematic and computational domain for natural peat layer  674 
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 675 
Figure 12 The comparison of predicted Tig for dry peat layers (MC = 0%) by 1-step reaction scheme and 3-676 

step reaction scheme; Inorganic content ranging from 3% to 86%  677 

 678 
Figure 13 The comparison of predicted Tig for dry peat layers (MC = 0%) and wet peat layers(MC = 100%) 679 

by 3-step reaction scheme; Inorganic content ranging from 3% to 86%  680 

 681 
(a) 682 
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 683 
(b) 684 

Figure 14 Predicted profiles of reaction rates (a), temperature (b), and oxygen concentration (b) at different 685 
time steps for the case L = 1.5 m, MC = 100%, and IC = 3% at Tamb = 40 oC (40-240 days) 686 

 687 
(a) 688 

 689 
(b) 690 

Figure 15 Predicted profiles of reaction rates (a), temperature (b), and oxygen concentration (b) at different 691 
time steps for the case L = 1.5 m, MC = 100%, and IC = 3% at Tamb = 40 oC (940-1180 days) 692 

 693 
Table 1 Kinetic parameters for multi-step scheme used in the simulations. 694 

Parameters Literature value Input values Source 
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Edr (kJ/mol) 27 27 (Huang and Rein 2019) 

Adr (1/s) 200 200 (Huang and Rein 2019) 

ndr,w 0.5 0.5 (Huang and Rein 2019) 

ΔHdr (MJ/kg) 2.26 2.26 (Huang and Rein 2019) 

Eb1 (kJ/mol) [70.2,100] 92 (Mariano et al. 1995; Zambra et al. 2011) 

Ab1 (1/s) [2.3×106
, 2.0×108] 2.0×108 (Zambra et al. 2011; Luangwilai et al. 2013) 

Eb2 (kJ/mol) [200,283] 205 (Mariano et al. 1995; Zambra et al. 2011) 

Ab2 (1/s) [6.8×1030
, 6.8×1032] 6.8×1031 (Zambra et al. 2011) 

nb,p 1 1 (Zambra et al. 2011) 

nb,o 1 1 (Luangwilai et al. 2013) 

vb,o (kg/kg) 0.5* 0.5* (Sparling 1981; Zambra et al. 2012) 

𝛥𝐻b (MJ/kg) [-7.6,-6.6] -7 (Koenig and Bari 2000; Sidhu et al. 2006; 

Zambra et al. 2012) 

Eox (kJ/mol) [96.2,195] 106.3 (Restuccia et al. 2017) (Sidhu et al. 2006; 

Zambra et al. 2012; Huang and Rein 2019) 

Aox (1/s) 8.2×106 8.2×106 (Restuccia et al. 2017; Huang and Rein 2019) 

nox,p 2.33 2.33 (Restuccia et al. 2017; Huang and Rein 2019) 

nox,o 0.24 0.24 (Huang and Rein 2019) 

vox,o (kg/kg) 0.89 0.89 (Huang and Rein 2019) 

vox,r (kg/kg) 0.03 0.03 (Huang and Rein 2019) 

ΔHo (MJ/kg) -11.6 -11.6 (Huang and Rein 2019)  

*  obtained fro m calculation as explained in the text 695 

Table 2 The values for thermo-physical parameters of water (subscript w), peat (subscript p),  res (subscript 696 
r), and sand (subscript s) used in the simulations. 697 

Parameter Symbol Value Source 

Porosity Φw(-) 0 (Huang and Rein 2019) 

Bulk density  ρw (kg/m3) 1000 (Huang and Rein 2019) 

Heat conductivity kw (W/m-K) 0.6 (Huang and Rein 2019) 

Specific heat capacity cw (J/kg-K) 4186 (Huang and Rein 2019) 

Tortuosity  τw (-) n/a n/a 

Porosity Φp (-) 0.82 (Restuccia et al. 2017) 

Bulk density  ρp (kg/m3) 223 (Restuccia et al. 2017) 

Heat conductivity kp (W/m-K) 0.15 (Huang and Rein 2019) 

Specific heat capacity cp (J/kg-K) 1840 (Huang and Rein 2019) 

Tortuosity  τp (-) 3.3 (Rezanezhad et al. 2009) 

Porosity Φs (-) 0.2 (Somerton 1958) 

Bulk density  ρs (kg/m3) 1477 (Restuccia et al. 2017) 

Heat conductivity ks (W/m-K) 0.32 (Kiyohashi et al. 2004) 

Specific heat capacity cs (J/kg-K) 920 (Kiyohashi et al. 2004) 

Tortuosity  τs (-) 100 (Somerton 1958) 

Porosity Φr (-) 0.98 (Huang and Rein 2019) 

Bulk density  ρr (kg/m3) 2500 (Huang and Rein 2019) 

Heat conductivity kr (W/m-K) 1.2 (Huang and Rein 2019) 

Specific heat capacity cr (J/kg-K) 880 (Huang and Rein 2019) 

Tortuosity  τr  (-) 3.3* n/a 

 698 
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