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Abstract

We investigate the thermochemical conversion of biomass in smouldering combustion by

combining experiments and modelling at two scales: matter (1 mg) and laboratory (100

g) scales. Emphasis is put on the effect of oxygen (0 to 33 vol.%) and oxidation reactions

because these are poorly studied in the literature in comparison to pyrolysis. The results are

obtained for peat as representative biomass supported by high-quality experimental data.

Three kinetic schemes are explored, including various steps of drying, pyrolysis and oxida-

tion. The kinetic parameters are found using the Kissinger-Genetic Algorithm method, and

then implemented in a 1D model of heat and mass transfer. The predictions are validated in

thermogravimetric and bench-scale experiments to unravel the role of heterogeneous reac-

tion. This is the first time that the influence of oxygen on biomass smouldering is explained

in terms of both chemistry and transport phenomena across scales.
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Nomenclature1

c heat capacity

dp characteristic pore size

E activation energy

h enthalpy

hc convective coefficient

hm mass-transfer coefficient

∆H heat of reaction

k thermal conductivity

K permeability

L sample size

ṁ
′′

mass flux

n reaction order

P pressure

q̇
′′
e irradiation

q̇
′′
r in-depth irradiation

R gas constant

S particle surface area

t time

T temperature

X volume fraction

Y mass fraction

z distance

Z pre-exponential factor

Greek

β heating rate

γ radiative coefficient

δ thickness

ε emissivity

κ radiation absorption coefficient

ν stoichiometric coefficient

2

ρ bulk density

σ Stefan-Boltzmann const.

χ fraction factor

ψ porosity

ω̇ reaction rate

Superscripts

∗ critical or normalized

Subscripts

0 initial

∞ ambient condition

α α-char

β β-char

a ash

b biomass

c cellulose

d destruction

dr drying

f formation

g gas

h hemicellulose

i condensed species number

j gaseous species number

k reaction number

l lignin

o oxidation

p peat or pyrolysis

s solid

sm smouldering

w water
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1. Introduction4

Biomass is a solid fuel of natural origin and can include high moisture and mineral con-5

tents (McKendry, 2002). Once heated, biomass dries and pyrolyzes (Anca-Couce, 2016),6

and if oxygen is present, it can ignite and support gas-phase homogenous combustion (flam-7

ing) or heterogeneous combustion (smouldering) (Ohlemiller, 1985; Rein, 2016). While most8

studies of biomass combustion have focused on flaming, this paper focuses on smouldering.9

Smouldering combustion is the slow, low-temperature, flameless burning of porous fuels10

and the most persistent type of combustion (Rein et al., 2006). The thermochemical process11

in smouldering includes drying, pyrolysis and oxidation steps (Ohlemiller, 1985; Huang &12

Rein, 2014). Therefore, compared to biomass pyrolysis (Di Blasi, 2008; Anca-Couce, 2016),13

smouldering is more complex and poorly studied. Particularly, biomass smouldering plays an14

important role in cooking fuels, biochar production, gasification of fossil fuels, incineration15

of biowastes, fire hazards and wildfires (Carvalho et al., 2002; Di Blasi et al., 2004; Rein,16

2013).17

From a chemical point of view, biomass is a natural composite material, constituted by a18

mixture of three main components: hemicellulose (H), cellulose (C) and lignin (L) (Di Blasi,19

1993; Ding et al., 2016; Anca-Couce, 2016). Neglecting the small amounts of extractives and20

other species, biomass composition can be approximated as:21

biomass ≈ YhH + Yc C + Yl L (1)

where Yi represents the mass fraction of component i. Figure 1 compares thermogravimetric22

(TG) data for a series of biomass types under both the inert and oxidative atmospheres (Niu,23

2014; Su et al., 2012; Zhao et al., 2014). A clear similarity in the decomposition process can24

be observed for pine needle, pine wood, forest peat and moss peat samples. Such similarity25

implies that there could be a general kinetic scheme to describe biomass thermochemical26

conversion in both inert and oxidative atmospheres.27

[Figure 1 about here.]28

Most studies in the literature investigate biomass kinetics via (∼1 mg) scale thermogravi-29

metric (TG) experiment of dry samples under either inert ambient or air, e.g. Huang & Rein30

(2014) and Ding et al. (2016). Few studies conducted TG experiments under other oxygen31

concentrations (XO2 , percentage by volume). For example, Zhao et al. (2014) found that32
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as oxygen concentration decreased to sub-atmospheric level, the mass-loss rate of biomass33

in TG level decreased. Amutio et al. (2012) proposed a 6-step kinetics for the oxidative34

pyrolysis of lignocellulosic biomass. Anca-Couce et al. (2012) proposed both 3- and 7-step35

kinetic schemes to explain the TG data of wood under several sub-atmospheric oxygen lev-36

els. However, studies at the TG scale alone do not provide in-sight about the changing role37

of chemistry at larger scales where heat and mass transfer processes are also important.38

This paper chooses peat as a representative biomass because the literature offers high-39

quality experimental data in both TG and bench scales. Peat is an organic soil formed40

through incomplete humification processes of various plants. It is porous and charring41

biomass, thus prone to smouldering combustion (Rein, 2016). Smouldering megafires of42

peatlands are a very important source of greenhouse gases, and result in the widespread43

destruction of valuable ecosystems and large regional haze events (Rein, 2013). Several44

bench-scale (∼100 g) experiments studied the influence of oxygen on peat smouldering.45

Belcher et al. (2010) found that in laboratory scale experiments, smouldering could not be46

sustained for peat below a critical XO2 of 16%. Hadden et al. (2013) found that smouldering47

of dry moss peat (MC ≤ 10% and IC ≈ 2% 1) could be initiated by an irradiation of 2048

kW/m2 within 1 minute under XO2 as low as 11%. In our previous study (Huang & Rein,49

2014), a 5-step kinetic scheme (including drying) is proposed and successfully explained all50

TG data of peat under both inert and air atmospheres, but did not address the effect of51

oxygen concentration at levels different than air. Then, with a 1D multi-physical model,52

this kinetic model successfully predicted bench-scale experiments in air (Huang et al., 2015;53

Huang & Rein, 2015).54

In this work, we first study three kinetic schemes of different complexities for the ther-55

mochemical conversion of biomass in smouldering. TG data of two peat is chosen, and their56

kinetic parameters are found via Kissinger-Genetic Algorithm (K-GA) method. Afterwards,57

a 1D model, including kinetics as well as heat and mass transfer, is developed to simulate58

a bench-scale experiments with dry peat samples under oxygen- or nitrogen-enriched atmo-59

spheres. Modelling results are compared with experiments in Hadden (2011) and Hadden60

et al. (2013), and the model sensitivity to physico-chemical properties is investigated. To61

1. Moisture content (MC) is defined here in dry basis as the mass of water divided by the mass of a dried

soil sample, expressed as %. Inorganic or inert content (IC) is defined here in dry basis as the mass of soil

inorganic matter (minerals) divided by the mass of a dried soil sample, expressed as %.
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the best of our knowledge, there is no computational study available in the literature inves-62

tigating biomass smouldering under both sub- and super-atmospheric oxygen levels and in63

both TG and bench scales.64

2. Kinetic model65

2.1. Moisture content and drying66

When the biomass is heated, water vaporizes below 400 K, denoted by the first peak in67

the curve of first derivative of TG (DTG curve), as seen in Fig. 1. If MC is low, there is68

no free or capillary water, while water molecules are only absorbed into large molecules by69

hydrogen bond, i.e. the bound water (< 10 vol.%) (Punmia & Jain, 2005). The drying of70

bound water in biomass may be described by a single dissociation step, as done in a previous71

study (Huang & Rein, 2014)72

biomass · νw,drH2O→ biomass + νw,drH2O(g) (dr) (2)

where νi,k is the mass stoichiometric coefficient of species i in reaction k. In Eq. (2), νw,dr =73

MC0 is the initial moisture, and “·” means that water is bonded to biomass.74

2.2. Pyrolysis75

Pyrolysis is the thermochemical degradation of a solid without consumption of oxygen,76

which produces gases (pyrolysate), liquids (tar) and solids (char) (Di Blasi, 1993). For the77

pyrolysis of most biomass in an inert atmosphere, there is a clear peak in DTG curves after78

the drying region (T > 400 K), as seen in Fig. 1(a). Accordingly, biomass pyrolysis is often79

represented by a global 1-step reaction (Moussa et al., 1977; Ohlemiller, 1985) as80

biomass→ να,bpα-char + νg,bpgas (bp) (3)

which has been widely used for wood, peat and biowaste (Di Blasi, 1993; McKendry, 2002;81

Di Blasi, 2008; Huang & Rein, 2014; Li et al., 2014).82

If biomass is viewed as a mixture of hemicellulose, cellulose and lignin as Eq. (1), its83

pyrolysis becomes a group of parallel reactions, each of which is a pyrolysis of one component.84

This kind of pyrolysis mechanism was proposed by Di Blasi (1993) as85 
H→ να,hpα-char + νg,hpgas (hp)

C→ να,cpα-char + νg,cpgas (cp)

L→ να,lpα-char + νg,lpgas (lp)

(4)

where the same α-chars is assumed to produced in each pyrolysis reaction.86
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2.3. Oxidation87

For the biomass decomposing in oxidative atmosphere like air, there is another clear peak88

above the pyrolysis region in DTG curves, as shown in Fig. 1(b). Therefore, at least one89

oxidation reaction takes place at high temperature, i.e. char oxidation (Rein et al., 2006) as90

α-char + νO2,αoO2 → νa,αoash + νg,αogas (αo) (5)

Moussa et al. (1977) proposed using one pyrolysis plus one char oxidation (2-step) to simulate91

the smouldering process of cellulosic materials. It is so far the simplest scheme to describe92

the chemical process of smouldering, and has been used for many biomass (Ohlemiller, 1985;93

Di Blasi, 1993; Anca-Couce et al., 2012; Huang & Rein, 2014).94

The comparison between Fig. 1(a) and (b) shows that for each biomass, the second peak95

right after the drying region (400 K< T <650 K) is earlier and higher in air than in inert96

atmospheres. This shows that the presence of oxygen significantly alters the conversion.97

Ohlemiller (1985) first proposed a parallel fuel oxidation in smouldering as98

biomass + νO2,boO2 → νβ,boβ-char + νg,bogas (bo) (6)

where a different type of β-char is produced. Compared to α-char from pyrolysis in Eq. (3),99

this β-char is yielded through a different thermochemical process consuming oxygen, so in100

general they have different structures, compositions, and reactivities. Recently, Huang &101

Rein (2014) found that for peat a single char-oxidation is not sufficient to explain TG data102

at high temperature (T > 700 K). Therefore, we assume here that β-char goes through a103

parallel oxidation into ash as104

β-char + νO2,βoO2 → νa,βoash + νg,βogas (βo) (7)

This 5-step scheme (including drying and assuming first order oxidation) successfully ex-105

plained TG data of four different peat types in a previous study (Huang & Rein, 2014).106

On the other hand, TG experiments (Amutio et al., 2012; Anca-Couce et al., 2012) had107

shown that each component in biomass can go through a parallel oxidization simultaneously,108

same as the parallel pyrolysis. Thus, the biomass oxidation can be proposed as109 
H + νO2,hoO2 → νβ,hoβ-char + νg,hogas (ho)

C + νO2,coO2 → νβ,coβ-char + νg,cogas (co)

L + νO2,loO2 → νβ,loβ-char + νg,logas (lo)

(8)
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where the same β-char is assumed from all three oxidation reactions.110

In summary, three kinetic schemes (including drying) are proposed for biomass smoul-111

dering as112

(I) 3-step scheme113 
biomass · νw,drH2O→ biomass + νw,drH2O(g) (dr)

biomass→ να,ppα-char + νg,ppgas (bp)

α-char + νO2,αoO2 → νa,αoash + νg,αogas (αo)

(9)

(II) 5-step scheme114 

biomass · νw,drH2O→ biomass + νw,drH2O(g) (dr)

biomass→ να,ppα-char + νg,ppgas (bp)

biomass + νO2,poO2 → νβ,poβ-char + νg,pogas (bo)

β-char + νO2,βoO2 → νa,βoash + νg,βogas (βo)

α-char + νO2,αoO2 → νa,αoash + νg,αogas (αo)

(10)

(III) 9-step scheme115 

biomass · νw,drH2O→ biomass + νw,drH2O(g) (dr)

H→ να,hpα-char + νg,hpgas (hp)

C→ να,cpα-char + νg,cpgas (cp)

L→ να,lpα-char + νg,lpgas (lp)

H + νO2,hoO2 → να,hpβ-char + νg,hpgas (ho)

C + νO2,coO2 → να,cpβ-char + νg,cpgas (co)

L + νO2,loO2 → να,lpβ-char + νg,lpgas (lo)

β-char + νO2,βoO2 → νa,βoash + νg,βogas (βo)

α-char + νO2,αoO2 → νa,αoash + νg,αogas (αo)

(11)

where for parallel reactions, e.g. A → νBB → νa ash, and A → νCC → νaash, the mass of116

ash (or IC) is conserved as117

νBνa = νCνa = ICA (12)
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2.4. Reaction rate118

The general heterogeneous reaction, k, in the mass basis is written (Lautenberger &119

Fernandez-Pello, 2009) as120

Ak +
N∑
j=1

ν
′

j,kgas j → νB,kBk +
N∑
j=1

ν
′′

j,kgas j (13)

For a small biomass particle sample of initial mass m0 and uniform temperature T , the non-121

dimensional decomposition rate of species A (ω̇∗dAk
> 0) is expressed by the Arrhenius-type122

reaction as123

ω̇∗dAk
= Zk exp

(
− Ek
RT

)
f (m∗A) g (YO2) (14)

where Zk and Ek are the pre-exponential factor and the activation energy, respectively; and124

f(m∗A) and g(YO2) are the mass action functions of reactant A and oxygen, respectively.125

Both ω̇∗k and m∗dAk
are non-dimensionalized to a characteristic mass of the cell. Here,126

mA is non-dimensionalized to the source species for the reactant A as127

m∗A =
mA

msA0

(15)

where the subscript “sA0” represents the initial mass of source species for A. For example,128

the source species for water is water; and the source species for cellulose, char or ash is the129

original biomass. Non-dimensionalizing to the source species avoids the interference among130

parallel reactions, and is especially suitable to model complex and heterogeneous mixtures131

like biomass (see conversions to other reaction-rate expressions in Appendix A).132

The nth-order mass action function is chosen for reactant A as133

f (m∗A) = (m∗A)nk =

(
mA

msA0

)nk

(16)

where nk is called as the order of reaction k. The mode for oxygen is chosen as134

g(YO2) =

 1 (inert atmosphere)

(1 + YO2)
nO2,k − 1 (oxidative atmosphere)

(17)

where nO2,k is the order of oxidation. In inert atmosphere (YO2 = 0), oxidation reaction rates135

are zero. Therefore, the dimensional expressions for the destruction rate of A, formation136

rate of B, and heat release rate for reaction k are137 
ω̇dAk

= ω̇∗dAk
msA0

ω̇fBk
= ω̇∗dAk

νB,kmsA0

Q̇k = ω̇dAk
∆Hk

(18)
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where subscripts “d” and “f” represent the destruction and the formation, respectively, and138

∆Hk is the heat of reaction.139

3. Results of modelling TG experiments140

3.1. Thermogravimetric experiment141

TG experiment is the most widely used technique to study solid-phase kinetics. It142

provides an environment of controlled atmosphere and heating rate, and small thermal143

gradient and transport effects during degradation of (∼mg) samples . Here, TG experiments144

of two peat types are studied. One sample is a commercial Shamrock moss peat (Bord na145

Móna Horticulture Ltd.) from Ireland. This low-mineral (IC ≈ 2%) moss peat is the same146

peat used in Belcher et al. (2010), Hadden (2011) and Hadden et al. (2013), and details are147

presented here. The other peat sample is from the forest of Changpai Mountains in Northeast148

China. TG data of this high-mineral (IC ≈ 22%) forest peat under 0-21% atmospheric XO2149

was reported in Zhao et al. (2014). This forest peat is analyzed in the same way as the moss150

peat, and details are presented in Appendix B.151

The moss peat sample was pulverized into powders and dried at 90 ◦C for 48 h. A152

Shimadzu DTG-60H TG analyzer was used. The initial mass of peat was about 3.5 mg153

at three heating rates of 10, 20, and 30 K/min. Three atmospheric XO2 were selected, 0%154

(helium), 10%, and 21% (air), under the flow rate of 50 mL/min. TG experiments were155

repeated twice for each case, showing a good repeatability (uncertainty ≈ 2%). Figure 2156

shows the mass-loss rate (DTG) curves of this low-mineral moss peat soil.157

3.2. K-GA method158

The small sample in TG experiment can be assumed to be a lumped capacitance, and159

the normalized mass-loss rate can be modelled as160

dm

dT
=

dt

dT

N∑
i=1

dmi

dt
=

1

β

N∑
i=1

(ω̇f,i − ω̇d,i) (19)

where β = dT/dt is the heating rate.161

The recent Kissinger-Genetic Algorithm (K-GA) method (Li et al., 2014) is used here162

to quickly and accurately find good kinetic parameters to match the TG data as an inverse163

problem (Rein et al., 2006). First, Kissinger’s method is used with TG data of multiple164

heating rates to find approximate values of Zk and Ek for 1-step drying and 1-step pyrolysis.165
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For the 3-step pyrolysis, the local peak for each reaction can also be found from the zero166

point in the curve of the second derivative of TG (DDTG). Similar approach has been167

previously used to describe the pyrolysis of medium density fiberboard (MDF) in Li et al.168

(2014). These approximate values are used to narrow the search range in Genetic Algorithm169

(GA). GA is a heuristic search method, imitating the principles of biological adaption based170

on Darwinian survival-of-the-fittest theory. We apply GA to couple with Eqs. (14), (18)171

and (19) to search for all kinetic and stoichiometric parameters.172

In this work, the searched parameters include the initial mass fractions (Yi0) of each173

species, the kinetic triplets (Zk, Ek, and nk), yields (νi,k), and the order of oxidation (nO2,k).174

The number of optmized parameters for 3-, 5- and 9-step schemes are 13, 22 and 40, re-175

spectively. In order to accelerate the optimization, parameters for drying and pyrolysis are176

optimized first with only TG data at inert atmosphere. Then, the remaining parameters of177

oxidation reactions are optimized with TG data at oxidative atmospheres.178

The optimization target is to minimize the prediction error with respect to TG data,179

defined as180

Φ = γ

∑
|ṁpre,i − ṁexp,i|∑

ṁexp,i

+ (1− γ)

∑
|mpre,i −mexp,i|∑

mexp,i

(20)

where summations means that we evaluate all TG data points; subscripts “exp” and “pre”181

denote the experimental and predicted results; and γ = 0.5 as used previously in (Rein et al.,182

2006; Huang & Rein, 2014). In general, the population size in GA is set around 200, and183

the convergence (∆Φ < o.1%) occurred less than 1000 generations. To improve the validity184

of parameters, a wide range of TG experiments conducted under various heating rates and185

oxygen concentrations are optimized simultaneously. The GA module in MATLAB is used.186

[Table 1 about here.]187

3.3. Predicted TG data and kinetic parameters188

For the low-mineral moss peat, 9 sets of TG data are available: 3 oxygen concentrations189

× 3 heating rates. We first choose 7 sets for optimization. Then, these optimized parameters190

are used to predict another 2 sets of TG data: XO2 = 0% at 10 K/min and (2) XO2 = 21%191

at 30 K/min (i.e. blind predictions). The best values found for parameters are listed in192

Tables 1 (3- and 5-step) and B1 (9-step in appendix). Table 2 summarizes the overall errors193

in both optimization and blind prediction for each kinetic scheme. All experimental and194
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predicted TG curves as well as the predicted reaction rates at 20 K/min in XO2 = 0% and195

21% are compared in Fig. 2.196

Figure 2 show that all three kinetics schemes are able to produce three major DTG peaks197

in all heating rates and oxygen concentrations for the moss peat. More importantly, based198

on this extensive TG data set under various oxygen concentrations, the order of oxidation199

(nO2,k) is determined here, instead of assuming its value, e.g. assuming first order (nO2,k = 1)200

in Lautenberger & Fernandez-Pello (2009), Amutio et al. (2012) and Huang & Rein (2014).201

Tables 1 and B1 show that for both peat samples nO2,k < 1 is found for all oxidation reactions202

in all three kinetic schemes, similar to found values for wood (Anca-Couce et al., 2012) and203

coal (Cozzani, 2000; Wu et al., 2015). This shows that the influence of oxygen in biomass204

smouldering is weaker than the widely assumed first order.205

[Figure 2 about here.]206

Comparison between 3-step and 5-step schemes shows that there is a large improvement207

in both optimized and blind predictions. Specifically, Table 2 shows that for both peat208

samples the minimum error for the optimization (Φopt) decreases from about 8% to 5.5%,209

and for the blind prediction (Φpre) decreases from 17% to 11%. Although the 9-step scheme210

improves TG prediction in inert atmosphere, there is only 0.5-2% reduction of the error for211

predicting the oxidative TG data. Table 2 shows that the overall difference in predicting212

TG data between 5-step and 9-step schemes is smaller than the expected uncertainty of TG213

experiment (2%). Therefore, it becomes questionable whether this 9-step scheme has the214

appropriate level of complexity in modelling (Bal & Rein, 2013).215

[Table 2 about here.]216

Figure 2(c) also shows three things for 9-step scheme: (1) there is significant overlapping217

of reaction-rate profiles between 550 and 650 K for six reactions (hp, cp, lp, ho, co, and218

lo); (2) the rate of hemicellulose oxidation (ω̇
′′

ho) is negligible; and (3) values of the found219

kinetic parameters vary widely (Table B1). Similar results are also found for the forest peat220

in Fig. B1(c) where significant overlapping of four reactions takes place between 600 and221

700 K. These observations further suggest that the optimization of TG data based on the222

9-step scheme is over-determined (Bal & Rein, 2013). The necessity and redundancy of these223

kinetic schemes are further investigated in the next section.224
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4. Modelling bench-scale smouldering experiments225

The chemical validity of the schemes are investigated outside the TG realm in this section.226

We incorporate them into a 1-D heat and mass transfer model to study the reaction and the227

species distribution inside a peat smouldering front.228

In order to isolate the effect of biomass moisture and focus on the effect of atmospheric229

oxygen, Hadden (2011) used the oven-dried peat (MC ≈ 10%) which is same moss peat230

for TG experiment in Fig. 2. Experiments were conducted under various atmospheric XO2231

(0∼35%) within a bench-scale smouldering reactor (125 mm diameter and 30 mm height232

with 80±3 g peat), as shown in Fig. 3. The reactor walls were porous to allow gas diffusing233

into the sample. Ignition was on the top surface by infrared irradiation at flux levels of 7.5,234

10 and 20 kW/m2 for 1 min, 10 min and the entire experiment. More details about these235

experiments can be found in Hadden (2011). Note that unlike (∼1 mg) TG experiment,236

inside this (∼100 g) thick sample, the heat and mass transfer can no longer be neglected.237

4.1. Governing equations238

The horizonal dimension of the sample is much larger than the vertical dimension, and239

both irradiation and gas flow are uniform in the top and bottom surfaces. Therefore, the240

smouldering spread can be approximated as 1D spread along the vertical direction (Fig. 3).241

If the top ignition source is too weak or the atmospheric oxygen concentration is too low,242

the smouldering front may not ignite or spread. If ignited, a smouldering front starts to243

spread downward vertically.244

[Figure 3 about here.]245

In our previous work (Huang et al., 2015; Huang & Rein, 2015), the influence of MC246

on ignition and spread in normal air (XO2 = 21%) had been studied with a 1D model247

established in the open-source code Gpyro (Lautenberger & Fernandez-Pello, 2009). Such248

model is improved with non-first-order oxidation and in-depth irradiation to simulate cur-249

rent bench-scale experiments, and for the first time simulate the effect of oxygen on biomass250

smouldering. The model solves transient equations for both the condensed and gas phases.251

The governing equations include Eq. (21) for condensed-phase mass conservation, Eq. (25)252

for condensed-phase species conservation, Eq. (23) for energy conservation (assuming ther-253

mal equilibrium between condensed and gas phases), Eq. (24) for gas-phase mass conser-254
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vation, Eq. (25) for gas-phase species conservation and Eq. (26) for gas-phase momentum255

conservation:256

∂ρ

∂t
= −ω̇′′′

fg (21)

∂ (ρYi)

∂t
= ω̇

′′′

fi − ω̇
′′′

di (22)

∂(ρh)

∂t
+
∂
(
ṁ

′′
hg
)

∂z
=

∂

∂z

(
k
∂T

∂z

)
+

K∑
k=1

ω̇
′′′

di,k∆Hk −
∂q̇

′′
r

∂z
(23)

∂
(
ρgψ
)

∂t
+
∂ṁ

′′

∂z
= ω̇

′′′

fg (24)

∂
(
ρgψYi

)
∂t

+
∂(ṁ

′′
Yj)

∂z
= − ∂

∂z

(
ψρgD

∂Yj
∂z

)
+ ω̇

′′′

fj − ω̇
′′′

dj (25)

ṁ
′′

= −K
ν

∂P

∂z
(P = ρgRsT ) (26)

A constant irradiation (q̇
′′
e ) of variable intensity and duration is applied as the ignition

source. The in-depth radiation in Eq. (23) is considered as

q̇
′′

r (z) = εq̇
′′

e exp (−z/κ) (27)

where κ = 1000 m is assumed from previous work (Bal & Rein, 2013). The boundary257

conditions on the top free surface (z = 0) are258 

− k∂T
∂z

∣∣∣∣∣
0

= −hc0 (T0 − T∞)− εσ
(
T 4
L − T 4

∞
)

− ψρgD
∂Yj
∂z

∣∣∣∣∣
0

= hm0 (Yj∞ − Yj0)

P0 = P∞

(28)

where an empirical convection coefficient is used, hc0 = 1.52∆T 1/3 = 1.52(300)1/3 ≈ 10259

W/m2-K (Holman, 1989); and the heat-mass transfer analogy is used, hm0 ∼ hc0/cg ≈ 10260

g/m2-s. The environmental pressure (P∞) and temperature (T∞) are constant at 1 atm and261

300 K, respectively.262

Similar convective boundary conditions are imposed on the back free surface (z = L) as263 

− k∂T
∂z

∣∣∣∣∣
L

= −hcL (TL − T∞)− εσ
(
T 4
L − T 4

∞
)

− ψρgD
∂Yj
∂z

∣∣∣∣∣
L

= hmL (Yj∞ − YjL)

PL = P∞

(29)
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where hcL = hc,0 = 10 W/m2-K with surface radiation (ε = 0.95) because the bottom wall264

is not insulated, and hmL = 2 g/m2-s because the bottom wall is porous (mesh porosity =265

0.26, reduced oxygen supply).266

A fully implicit method is adopted to solve all equations. Details about numerical so-267

lution methodology are reported in Lautenberger & Fernandez-Pello (2009). The sample268

height during spread is equal to the sum of the height of each cell, Ht =
∑N

n=1 ∆zn, which269

depends on the mass conservation and density, capturing the surface regression during ex-270

periment. Simulations were run with an initial cell size of ∆z = 0.1 mm, and initial time271

step of 0.02 s. Reducing the cell size and time step by a factor of 2 gives little difference in272

results, so this discretisation is acceptable.273

4.2. Parameter selection and stochastic sensitivity analysis274

Each condensed-phase species is assumed to have constant and temperature-independent275

properties (e.g. bulk density, specific heat, and porosity) for the sake of simplicity and the276

lack of data in the literature. All gaseous species have unity Schmidt number, and equal277

diffusion coefficient and specific heat. The averaged properties in each cell are calculated278

by weighting the appropriate mass fraction (Yi) or volume fraction (Xi) (Lautenberger &279

Fernandez-Pello, 2009; Huang & Rein, 2015).280

The bulk densities of all species for this moss peat were measured in Hadden (2011). The281

properties of α-char and β-char are assumed to be the same. The solid (ψi = 0) thermo-282

physical properties, ρs,i, ks,i, ci of peat, char, and ash are selected from Jacobsen et al.283

(2003), all listed in Table 3. Then, porosity can be calculated as284

ψi = 1− ρi
ρs,i

(30)

which is found to be high for peat (ψp = 0.867). Also, the peat sample is dried, so the small285

amount of bound water (MC ≤ 10%) is assumed to stay in the pores of peat without volume286

expansion and the wet peat bulk density is estimated as ρ = (1 + MC)ρp.287

[Table 3 about here.]288

The effective thermal conductivity includes the radiation across pores as289

ki = ks,i(1− ψi) + γiσT
3 (31)

where γi = 10−4 ∼ 10−3 m depends on the pore size as γi ≈ 3dp,i (Yu et al., 2006). The290

average pore size relates to the particle surface area as dp,i = 1/Siρi where Sp = Sc =291
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0.05 m2/g and Sa = 0.2 m2/g (de Jonge & Mittelmeijer-Hazeleger, 1996). The absolute292

permeability of soil is independent of permeating fluid, and can be estimated (Punmia &293

Jain, 2005) as294

Ki = 10−3d2p,i ∼ 1/ρ2i (32)

which varies from 10−12 to 10−9 m2, and decreases as the bulk density increases.295

The three proposed kinetic schemes (3-, 5- and 9-step) for biomass smouldering are296

examined with this sophisticated 1D model. The heat of pyrolysis is chosen as ∆Hpp = −0.5297

MJ/kg (endothermic); the heat of oxidation is assumed to relate to the oxidized organic298

matter as ∆Hk = ∆HO2(1 − νB,k) (Huang et al., 2015). According to differential scanning299

calorimetry (DSC) of multiple peat samples (Bergner & Albano, 1993), ∆HO2 = 30 MJ/kg300

is estimated for the low-mineral moss peat, and ∆HO2 = 20 MJ/kg for high-mineral forest301

peat. The heat of reactions are listed in Table 1 and B1, with overall smouldering heats of302

∆Hsm = 18.7 MJ/kg (moss peat) and ∆Hsm = 10.2 MJ/kg (forest peat) in TG environment303

with air. The oxygen consumption is related to the heat of oxidation as νO2,k = ∆Hk/(13.1304

MJ/kg) (Huggett, 1980).305

[Table 4 about here.]306

Figure 4 compares the predicted moss-loss rate in bench-scale experiment by 3-, 5-, and307

9-step schemes for moss peat under different oxygen concentrations. In inert atmosphere308

(Fig. 4a), the single pyrolysis reaction (Eqs. (3)) in 3- and 5-step schemes gives a very309

similar prediction to three pyrolysis reactions (Eq. (4)) in 9-step scheme, despite small310

differences in the peak.311

[Figure 4 about here.]312

In the oxidative atmosphere cases (Fig. 4b-d), 3-step scheme predicts a relatively low313

mass-loss rate, different from 5- and 9-step predictions. This shows the prediction error at314

TG scale can be significantly amplified at bench scale. Meanwhile, the prediction difference315

between 5- and 9-step scheme is found to be small (average correlation value of 0.96) under316

various oxygen concentrations. Therefore, the simulation of bench-scale experiments further317

suggests (1) the 3-step scheme results in a significant inaccuracy; (2) the 9-step scheme is318

over-complex; and (3) the 5-step scheme is the best: relatively simple but still adequate to319

accurately reproduce experiments, so it is used in all following simulations.320
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Since the species conductivity (ki), heat capacity (ci), and heat of reactions (hk) are321

selected from the literature, appreciable uncertainties exist in these parameters. In order to322

study the sensitivity of these input parameters, their variation ranges are selected from the323

literature (see Table 4), and an stochastic sensitivity analysis is conducted. Six parameters,324

ksp, ksc, cp, ∆Hpp, ∆HO2 , and hm,0, are sampled randomly and combined to conduct many325

simulations and study their sensitivity.326

4.3. Modelling results327

Figure 5 shows the predicted evolution of the temperature and reaction-rate profiles for328

the experiment under irradiation of 20 kW/m2 for the entire experiment. The modelling329

results show that the peak temperature quickly increases to 550◦C within 1 min (Fig. 5a)330

because oven-dried peat only has a small amount of water (MC ≈ 10%) (Huang & Rein,331

2014) and thus a weak endothermic contribution from drying (Fig. 5b). This shows that a332

successful ignition can be simulated with 1 min irradiation, agreeing with the experiment in333

Hadden (2011). Then, the temperature continues to increase as the rate of char oxidation334

increases, while the rate of pyrolysis weakens and widens.335

[Figure 5 about here.]336

By about 12 min, both the thermal front (Fig. 5a) and the multi-layer smouldering front337

(Fig. 5b-d) reach the bottom. At this moment, a second forward char oxidation front is338

started fed by oxygen diffusion through the porous bottom wall (Fig. 5d), which increases339

the temperature profile and results in a second peak in mass-loss rate curve (Figs. 4 and 6b).340

Same as the experimental observation in Hadden (2011), all organic content is consumed by341

the end, and only mineral ash is left.342

Figure 6a and b compares the mass-loss rate between experiment and numerical sim-343

ulation at both N2 (XO2= 0%) and air (XO2 = 21%) atmospheres. In N2 (Fig. 6a), the344

predicted mass-loss rate shows only one peak, and gives an excellent agreement with exper-345

iment. In order to test the modelling sensitivity to physico-chemical properties, 40 runs of346

stochastic sampling for four parameters (ksp, ksc, cp, and ∆Hpp) are conducted. Then, 40347

stochastic mass-loss rate curves are shown by a shadow region in Fig. 6a. Clearly, most348

of experimental date is included in the shadow region, suggesting that the prediction has349

a high accuracy, and the modelling result in the inert atmosphere is not sensitive to these350

four parameters.351
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In air (Fig. 6b), the model predicts the same two-peaks mass-loss rate curve as experi-352

ment, although the overall matching is not as high as the N2 case. Modelling reveals that353

when the thermal and oxidation waves reach the bottom, the second peak occurs because354

of the initiation of a second forward char oxidation front (Fig. 5b). Another group of four355

parameters (ksp cp, ∆HO2 and hm0) are selected for a similar stochastic sensitivity analysis.356

Modelling generates a similar shadow region, which also covers most of experimental data357

points, implying the a good predictability of the overall model setup. The shadow region is358

much larger than the N2 case, showing the prediction in the oxidative atmosphere is more359

sensitive to variations of the selected parameters. Particularly, values of hm0 (relating to360

oxygen supply) and ∆HO2 (relating to overall heat of smouldering) are found to strongly361

affect modelling results, especially changing the peak of mass-loss rate and smouldering362

duration.363

[Figure 6 about here.]364

With the same experimental setup, Hadden et al. (2013) further conducted experiments365

with the irradiation of 20 kW/m2 for a short pulse of 1 min under different oxygen concen-366

trations, and the mass-loss rates are plotted in Fig. 6c. After 1 min irradiation, there is367

a clear decrease in mass-loss rate. However, as observed from their experiments, for 1 min368

irradiation on the top surface, only several small spots were successfully ignited, rather than369

uniformly igniting the whole surface at once, i.e. 2D spread. Therefore, a long duration is370

found to reach the bottom and produce the second peak of mass-loss rate. Such a 2D smoul-371

dering spread cannot be quantitatively represented by the current simplified 1D model, so372

only qualitative comparison can be conducted for the short pulse cases.373

Figure 6d shows the modelled mass-loss rate for these 1-min ignition experiments. In374

order to ensure a successful ignition under low oxygen concentration, a larger oxygen supply375

(hm,0 = 20 g/m2-s) is set for the boundary condition on the top surface. Comparison shows376

that the model successfully predicts two peaks of all mass-loss rate curves, in agreement with377

experiment. Modelling also shows three things as XO2 increases: (1) the overall mass-loss378

rate increases, (2) the second peak occurs earlier; and (3) smouldering duration decreases.379

All three findings agree with the experimental curves in Fig. 6c. Therefore, the proposed380

5-step scheme and the multi-physical 1D model show a good capability to simulate the381

smouldering combustion of peat at various atmospheric oxygen concentrations.382
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5. Conclusions383

We have investigated the thermochemical conversion of peat in smouldering combustion384

by combining experiments and modelling at both TG and bench scales under various oxygen385

concentrations. Three kinetic schemes are explored. Excellent balance between accuracy386

and complexity is found in the 5-step scheme which includes drying, one pyrolysis and three387

oxidations. We found that the influence of oxygen is weaker than the first order as assumed388

in the literature. This is the first time that the influence of oxygen on biomass smouldering389

is explained in terms of both chemistry and transport phenomena across scales.390
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Appendices

A. Conversion of kinetic parameters396

In this section, we show the conversion of kinetic parameters when choosing different397

reactant mode, i.e. f(m∗A) in Eq. (16). The reactant mode quantifies the conversion degree398

of A using the virtual peak mass of the reactant as characteristic. Both ω̇k and mA could399

be normalized to a different characteristic mass, for example, FDS A1, ThermaKin A2, and400

Rein et al. (2006) normalize to the initial cell mass (m0) as401 
(ω̇∗k)

′ = Z ′ke
−Ek/RT

[
(m∗A)′

]nk f(YO2)

(m∗A)′ =
mA

m0

(A1)

Since the actual destruction rate of A in Eq. (29) is always the same regardless the selection402

of reactant mode, ω̇dAk
= msA,0ω̇

∗
k = m0(ω̇

∗
k)
′, Ek and nk are independent of the chosen403

characteristic mass, and a simple conversion exists between their pre-exponential factor as404

Z ′k = Zk

(
msA,0

m0

)1−nk

= Zk (YsA,0)
1−nk . (A2)

where YsA,0 = msA,0/m0 is the initial mass fraction of source species for A in the cell. Similar405

simple conversion may also exist when normalized to some other characteristic mass.406

B. Predicting TG data of peat sample with high mineral content407

The second soil sample was collected from the wild forest of Changpai Mountains in408

Northeast China (forest peat soil) with a high mineral content (IC ≈ 22%). The sample409

was pulverized into powders and dried at 80 ◦C for 24 h. A SDT Q600 TG-DSC thermal410

analyzer was used to record both the mass-loss (previously reported in Zhao et al. (2014))411

and heat-flow curves. The initial mass of peat was about 5 mg for all experiments. In each412

experiment, the TG temperature was increased from 298 K to 1100 K at three heating rates413

of 10, 20, 30 K/min. Five atmospheric oxygen concentrations were selected, 0% (nitrogen),414

5%, 10%, 15% and 21% (air). Therefore, in total 15 sets of TG data are available: 5 oxygen415

concentrations × 3 heating rates. The designed atmosphere flow rate was 50 mL/min at416

the atmospheric pressure and the room temperature. The uncertainty of two repeating TG417

tests is within 2%, showing a good repeatability.418

A1. www.nist.gov/el/fire research/fds smokeview.cfm

A2. www.fire.tc.faa.gov/pdf/TN08-17.pdf
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We choose 12 sets for optimization, and another 3 sets: (1)XO2 = 0% at 10 K/min,419

(2) XO2 = 10% at 20 K/min, and (3) XO2 = 21% at 30 K/min for blind predictions. The420

best values found for the parameters are listed in Tables 1 (3- and 5-step) and B1 (9-step),421

respectively. The overall errors in both the optimization and blind prediction for each kinetic422

scheme can be found in Table 2. The measured and predicted TG curves of all mass-loss423

rates and reaction rates (20 K/min) in XO2 = 0% and 21% are shown in Fig. B1. Similar to424

the low-mineral peat samples of Fig. 2, 5- and 9-step kinetic schemes give a better prediction425

than the 3-step kinetic scheme. Note that the exceptionally high second peak in DTG curve426

(XO2 = 21%) is probably due to the uncertainty of TG experiment.427

[Figure 7 about here.]

[Table 5 about here.]
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Figure 1: Comparison of DTG curves at 20 K/min for pine needle (Niu, 2014), pine wood (Su et al., 2012),
forest peat soil (Zhao et al., 2014) and moss peat soil in this study under (a) inert (XO2

= 0%), and (b) air
(XO2

= 21%) atmospheres.
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Figure 2: Measured and predicted DTG curves as well as predicted reaction rates of the low-mineral moss
peat under different oxygen concentrations (XO2

), modelled by (a) 3-step, (b) 5-step, and (c) 9-step kinetic
schemes.
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Figure 3: Sketch of experimental setup in Hadden (2011) and Hadden et al. (2013) and the corresponding
computational domain of the bench-scale biomass smouldering reactor.
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Figure 4: Predicted mass-loss rate in the bench-scale experiment by 3-, 5- and 9-step schemes for moss peat
under atmospheres of (a) N2 (XO2

= 0%), (b) XO2
= 15%, (c) air (XO2

= 21%), and (d) XO2
= 33% under

an irradiation q̇
′′

e = 20 kW/m2 during the entire experiment.
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Figure 5: Predicted 2D contours of depth vs. time, (a) temperature, (b) drying rate, (c) pyrolysis rate, and
(d) oxidation rate, for the bench-scale peat experiment in air under an irradiation q̇

′′

e = 20 kW/m2 during
the entire experiment.
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Figure 6: Comparison of bench-scale mass-loss rate between measurements in Hadden (2011) and predictions
at (a) N2 (XO2 = 0%), and (b) air (XO2 = 21%) under q̇

′′

e = 20 kW/m2 during entire experiment. The
shadow shows sensitivity from stochastic sampling. Qualitative comparison for the ignition protocol of
q̇
′′

e = 20 kW/m2 for 1 min, between (c) measurements Hadden et al. (2013), and (d) predictions.
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Figure B1: Measured and predicted DTG curves as well as predicted reaction rates of the high-mineral forest
peat under different oxygen concentrations (XO2) (Zhao et al., 2014), modelled by (a) 3-step, (b) 5-step,
and (c) 9-step kinetic schemes.

.
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Table 1: Kinetic parameters for the low-mineral moss peat and high-mineral forest peat samples with the
3- and 5-step schemes (including 1-step drying). ∆H > 0 (endothermic); ∆H < 0 (exothermic).

Parameter Moss Range Forest Range Unit
peat peat

MC 4.1 [2.9, 4.2] 9.0 [7.8, 9.2] %
IC 2.1 [2.1, 2.3] 22.2 [21.8, 22.5] %

lgAdr 6.91 [6.62, 7.35] 7.27 [7.10, 8.79] lg(s−1)
Edr 58.7 [56.9, 61.5] 58.6 [57.8, 67.9] kJ/mol
ndr 2.37 [2.25, 2.53] 2.60 [2.56, 2.72] -
∆Hdr -2.26 - -2.26 - MJ/kg
lgApp 8.18 [6.01, 8.18] 6.85 [6.61, 7.13] lg(s−1)
Epp 112 [89.9, 112] 99.2 [97.2, 101] kJ/mol

3-step npp 5.31 [3.12, 5.31] 5.67 [5.19, 5.67] -
να,pp 0.28 [0.28, 0.36] 0.40 [0.38, 0.40] kg/kg
∆Hpp -0.5 - -0.5 - MJ/kg
lgAαo 10.2 [0.17, 11.4] 3.99 [3.99, 6.84] lg(s−1)
Eαo 160 [139, 170] 67.8 [67.8, 93.7] kJ/mol
nαo 0.51 [0.51, 1.21] 0.47 [0.39, 1.92] -
nO2,αo 0.86 [0.80, 0.96] 0.59 [0.38, 0.91] -
νa,αo 0.01 [0.009,0.01] 0.24 [0.24, 0.41] kg/kg
∆Hαo 29.7 - 15.1 - MJ/kg

lgApo 16.8 [12.0, 16.8] 6.63 [6.35, 7.38] lg(s−1)
Epo 195 [142, 195] 89.2 [86.0, 96.7] kJ/mol
npo 2.33 [1.68, 2.40] 1.86 [1.63, 2.00] -
nO2,po 0.24 [0.23, 0.26] 0.55 [0.50, 0.58] -
νβ,po

a 0.61 [0.61, 0.63] 0.39 [0.36, 0.44] kg/kg
∆Hpo 11.6 - 12.3 - MJ/kg
lgAβo 7.38 [7.28, 8.27] 14.4 [9.87, 15.3] lg(s−1)
Eβo 117 [113, 124] 181 [136, 190] kJ/mol

5-step b nβo 1.32 [1.19, 1.32] 2.26 [1.42, 2.45] -
nO2,βo 0.52 [0.47, 0.62] 0.54 [0.51, 0.72] -
νa,βo 0.04 [0.03, 0.04] 0.62 [0.55, 0.65] -
∆Hβo 28.9 - 7.6 - MJ/kg
lgAαo 13.3 [12.0, 13.7] 10.1 [9.97, 14.2] lg(s−1)
Eαo 172 [158, 175] 143 [142, 176] kJ/mol
nαo 2.58 [2.38, 2.83] 1.31 [1.23, 3.44] -
nO2,αo 0.86 [0.85, 0.96] 0.86 [0.81, 1.09] -
νa,αo 0.07 [0.07, 0.08] 0.59 [0.59, 0.61] kg/kg
∆Hαo 27.8 - 8.1 - MJ/kg

a. Calculated from Eq. (12).
b. Drying and pyrolysis parameters of 5-step scheme are the same as 3-step

scheme.
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Table 2: The minimum error (Φ) after optimization and blind prediction of TG data for forest and moss
peat.

error 3-step 5-step 9-step
(%) Forest Moss Forest Moss Forest Moss

Φopt 7.9 8.7 5.5 5.5 5.0 4.2
Φpre 16.7 16.5 10.5 11.0 10.0 9.0
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Table 3: Physical properties of condensed-phase species: ρsi, ksi, and ci are from Jacobsen et al. (2003),
and ρi0 is from Hadden (2011) and Hadden et al. (2013).

Species ρsi ρi0 ψi0 ksi ci
(i) ( kg

m3 ) ( kg
m3 ) (-) ( W

m·K ) ( J
kg·K )

water 1000 1000 0 0.6 4186
peat 1500 200 a 0.867 1.0 1840
α-char 1300 185 0.962 0.26 1260
β-char 1300 185 0.962 0.26 1260
ash 2500 35 0.997 1.2 1380

a. Bulk density of oven-dried peat (MC = 10%) is 200(1+MC) = 220 kg/m3.
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Table 4: Physicochemical parameters studied in sensitivity analysis, and corresponding ranges for stochastic
sampling. 4 parameters are selected and 40 stochastic sampling are conducted at a time.

Parameter ksp ksc cp ∆Hpp ∆HO2 hm,0
(W/m-K) (W/m-K) (J/kg −K) (MJ/kg) (MJ/kg) (g/m2-s)

Initial value 1.0 0.26 1840 -0.5 30 10
Sampling range [0.5, 1.5] [0.15, 0.4] [1500, 2200] [-1, -0.2] [25, 35] [5, 15]
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Table B1: Kinetic parameters for the low-mineral moss peat and high-mineral forest peat samples with the
9-step scheme. ∆H > 0 (endothermic); ∆H < 0 (exothermic). The parameters for drying are listed in
Table 1.

Moss Range Forest Range Unit
peat peat

Yh0 20.1 [19.9, 22.6] 30.9 [17.8, 31.5]
Yc0 17.4 [17.3, 24.6] 10.8 [9.8, 15.8] %
Yl0 61.7 [54.9, 62.1] 58.3 [57.1, 68.7]

lgAhp 6.95 [5.29, 7.20] 8.91 [8.91, 15.6] lg(s−1)
Ehp 93.8 [78.5, 96.5] 111 [111, 170] kJ/mol
nhp 0.98 [0.74, 1.00] 1.98 [0.98, 2.37] -
να,hp 0.16 [0.15, 0.25] 0.14 [0.13, 0.68] kg/kg
∆Hhp -0.5 - -0.5 - MJ/kg

lgAcp 11.7 [9.43, 12.9] 13.6 [11.7, 14.9] lg(s−1)
Ecp 156 [131, 168] 183 [159, 199] kJ/mol
ncp 1.00 [0.88, 1.13] 1.61 [0.99, 1.28] -
να,cp 0.03 [0.03, 0.04] 0.39 [0.25, 0.43] kg/kg
∆Hcp -0.5 - -0.5 - MJ/kg

lgAlp 10.9 [10.1, 12.5] 12.7 [11.6, 14.7] lg(s−1)
Elp 142 [135, 158] 174 [161, 185] kJ/mol
nlp 7.07 [6.20, 8.10] 6.64 [6.22, 7.34] -
να,lp 0.37 [0.37, 0.41] 0.55 [0.36, 0.57] kg/kg
∆Hlp -0.5 - -0.5 - MJ/kg

lgAho 20.2 [15.0, 20.2] 4.17 [4.17, 5.75] lg(s−1)
Eho 294 [228, 295] 86.1 [69.8, 87.6] kJ/mol
nho 0.47 [0.40, 1.60] 2.75 [1.71, 2.75] -
nO2,ho 0.11 [0.10, 0.13] 0.95 [0.90, 1.30] -
νβ,ho

a 0.30 [0.30, 0.56] 0.12 [0.10, 0.14] kg/kg
∆Hho 20.9 - 26.2 - MJ/kg

lgAco 24.2 [20.4, 25.4] 7.17 [6.15, 7.47] lg(s−1)
Eco 278 [236, 297] 70.6 [66.3, 91.6] kJ/mol
nco 1.73 [1.00, 1.97] 3.07 [2.15, 3.12] -
nO2,co 0.74 [0.72, 0.91] 0.98 [0.91, 1.21] -
νβ,co

a 0.06 [0.72, 0.91] 0.34 [0.31, 0.51] kg/kg
∆Hco 28.2 - 19.8 - MJ/kg

lgAlo 23.9 [20.6, 24.5] 6.59 [5.30, 6.58] lg(s−1)
Elo 289 [254, 299] 97.5 [79.9, 97.5] kJ/mol
nlo 4.01 [2.79, 4.16] 1.09 [0.93, 1.38] -
nO2,lo 0.93 [0.91, 1.08] 0.93 [0.82, 1.01] -
νβ,lo

a 0.70 [0.68, 0.77] 0.48 [0.44, 0.56] kg/kg
∆Hlo 9.7 - 15.5 - MJ/kg

lgAβo 7.64 [6.89, 8.2] 17.8 [17.0, 21.0] lg(s−1)
Eβo 120 [110, 127] 231 [203, 269] kJ/mol
nβo 1.25 [1.08, 1.45] 3.58 [3.53, 4.64] -
nO2,βo 0.89 [0.74, 0.95] 0.87 [0.53, 0.87] -
νa,βo 0.04 [0.03, 0.04] 0.67 [0.59, 0.75] -
∆Hβo 28.8 - 9.8 - MJ/kg

lgAαo 12.2 [10.6, 12.8] 19.0 [15.3, 19.9] lg(s−1)
Eαo 177 [159, 186] 243 [202, 253] kJ/mol
nαo 0.93 [0.75, 0.99] 1.59 [1.26, 1.82] -
nO2,αo 0.52 [0.50, 0.64] 0.92 [0.87, 1.04] -
νa,αo 0.08 [0.07, 0.08] 0.59 [0.57, 0.64] kg/kg
∆Hαo 27.8 - 12.4 - MJ/kg

a. Calculated from Eq. (12). 36




