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Smouldering combustion is the driving phenomenon of wildfire in peatlands, like those causing haze epi-
sodes in Southeast Asia and Northeast Europe. These are the largest fires on Earth and an extensive source
of greenhouse gases, but poorly understood, becoming an emerging research topic in climate-change mit-
igation. In this work, a series of multistep heterogeneous kinetics are investigated to describe the drying
and decomposition in smouldering combustion of peat. The decomposition schemes cover a range of
complexity, including 2, 3 or 4-step schemes, and up to 4 solid pseudo-species. The schemes aim to
describe the simultaneous pyrolysis and oxidation reactions in smouldering fires. The reaction rates
are expressed by Arrhenius law, and a lumped model of mass loss is used to simulate the degradation
behaviour seen during thermogravimetric (TG) experiments in both nitrogen and air atmospheres. A
genetic algorithm is applied to solve the corresponding inverse problem using TG data from the literature,
and find the best kinetic and stoichiometric parameters for four types of boreal peat from different geo-
graphical locations (North China, Scotland and Siberia). The results show that at the TG level, all proposed
schemes seem to perform well, with a high degree of agreement resulting from the forced optimization in
the inverse problem approach. The chemical validity of the schemes is then investigated outside the TG
realm and incorporated into a 1-D plug-flow model to study the reaction and the species distribution
inside a peat smouldering front. Both lateral and in-depth spread modes are considered. The results show
that the drying sub-front is essential, and that the best kinetics is the 4-step decomposition (one pyroly-
sis, and three oxidations) plus 1-step drying with 5 condensed species (water, peat, a-char, b-char, and
ash). This is the first time that the smouldering kinetics and the reaction-zone structure of a peat fire
are explained and predicted, thus helping to understand this important natural and widespread
phenomenon.

� 2013 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
Open access under CC BY license.
1. Introduction

Smouldering combustion is the slow, low-temperature, flame-
less burning of porous fuels [1,2] and the most persistent type of
combustion phenomena [3]. It is sustained by the heat released
when oxygen directly attacks the surface of a solid fuel [1]. It is dif-
ferent from the high-temperature homogenous flaming combus-
tion, but especially common in solid fuels with a tendency to
char. Many materials can sustain a smouldering fire, including syn-
thetic fuels such as polyurethane foam or cellulosic insulation, and
natural fuels like coal or soils rich in dead organic matter, like peat.
Peatlands, made by the natural accumulation of partially decayed
vegetation, are the most affected ecosystem by smouldering fires,
both in frequency and size. Peat forms organic soil layers of carbon
older than 10 thousand years and of depths upon dozens of meters.
They are the largest reserves of terrestrial carbon and important
ecosystem for a wide range of wildlife habitats, supporting biolog-
ical diversity, and hydrological integrity [4].

Because of this vast accumulation of natural fuel, once ignited,
smouldering peat fires burn for very long periods of time (e.g.,
months and years) despite extensive rains, weather changes, or
fire-fighting attempts. These are the largest fires on Earth and large
contributors of greenhouse gases [3,5]. Peat fires occur with some
frequency worldwide in tropical, temperate and boreal regions
(e.g., Indonesia, Canada, Florida, British Isles, and Siberia). During
the 1997 extreme haze event in Southeast Asia, the greenhouse-
gas emission from peat fires was equivalent to 13–40% of the
global man-made emissions of that year [4]. More recent figures
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Nomenclature

A pre-exponential factor
Da Damköhler number
E activation energy
h0;hb original/burning height
L characteristic thickness of smouldering front
k heating rate
m=½m� mass fraction (wet basis/dry basis)
_m=½ _m� mass-loss rate (wet basis/dry basis)

n reaction order
R universal gas constant
T temperature
S smouldering spread rate
w weight coefficient
YO2 oxygen mass fraction in gas phase

Greeks symbols
a thermal diffusivity
c relative importance in the fitness
d thickness of reaction zone
_h non-dimensional reaction rate
m stoichiometric coefficient
n non-dimensional spatial location
P non-dimensional temperature
q density
s characteristic reaction time
U objective function

_x reaction rate

Subscripts
0 initial
a a-char
ao a-char oxidation
b b-char
bo b-char oxidation
a ash
cal calculation
c char
co char oxidation
d in-depth spread
dr drying
exp experiment
g gas phase
i solid species number
k reaction number
l lateral spread
p peat
pd peat decomposition
po peat oxidation
pp peat pyrolysis
s solid phase
w water

Fig. 1. Schematic diagram of the lateral and in-depth spreads of a smouldering
wildfire in a layer of peat.

1634 X. Huang, G. Rein / Combustion and Flame 161 (2014) 1633–1644
estimate that the average emission from peat fires is roughly
equivalent to 15% of the man-made emissions [6]. Moreover, the
atmospheric release of ancient carbon from the soil and the sensi-
tivity of peat ignition to higher temperatures and drier conditions
create a positive feedback mechanism to climate change [3].

For most smouldering fires and under typical conditions, two
mechanisms control the rate of spread: the oxygen supply and
the heat losses [1]. At the micro scale, smouldering takes place
on the surface of a solid fuel, and at the macro scale, it is a bulk
phenomenon affecting a porous fuel bed at large. By reacting on
the surface of the pores, the fire can penetrate deep into the bed
of fuel if oxygen can be transported from a free surface (e.g., open
atmosphere, crack or channel). Most peat fires are initiated on the
top surface of the fuel bed [3]. The fire then spreads both laterally
and in-depth, dominated by forward smouldering (Fig. 1). The lat-
eral spread is enhanced by a direct supply of atmospheric oxygen
so its rate is significantly faster than the in-depth spread. It leads
to a void in the general shape of an ellipsoid or pan. When the
uppermost layer is exposed to wind, the combustion is quenched
by heat losses leaving a thin layer of charred material on the very
top while smouldering continues just below it. As the fire propa-
gates deeper, a layer of ash also builds up. These two layers, ob-
served often in the field [7], act like an heat insulator to support
the reaction front below.

The spread of smouldering fires is dominated by heat and mass
transfer processes in a reactive porous media [1,8,9]. Among these
mechanisms, the reactivity of peat in the form of a valid and quan-
tified reaction scheme is currently missing. Knowledge of hetero-
geneous combustion reactions is less developed than
homogenous gas-phase kinetics [10,8]. One of the major reasons
for this is that it is difficult to experimentally identify the various
solid-phase species, especially for a complex organic mixture like
peat [11]. Typically, kinetic schemes with just a few global steps
and pseudo species are used. Current knowledge shows that
smouldering combustion involves simultaneous and competing
pyrolysis and oxidation reactions [1,3,9,12]. The endothermic
pyrolysis reactions decompose the virgin fuel into pyrolysate gases
and char.

Various kinetic schemes of different complexity have been pro-
posed for smouldering combustion. Ohlemiller [1] proposed a 3-step
and 3-species scheme, including one pyrolysis and two oxidations,
as general scheme for any smoulder-prone fuel. Kashiwagi and
Nambu [13] quantified the kinetic parameters of this scheme for cel-
lulose using thermogravimetric analysis (TGA) on small samples
(�mg scale) under nitrogen and air atmospheres. Rein et al. [9] stud-
ied polyurethane foam, and extended Ohlemiller’s scheme to 5-step
and 4-species kinetics (two pyrolysis and three oxidations). This ex-
tended scheme allows explaining the reaction structure of a smoul-
dering front in both forward and opposed propagation. In doing so,
Rein et al. [9] developed a methodology where a genetic algorithm
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is used to solve the corresponding inverse problem and find the best
sets of kinetic and stoichiometric parameters of the scheme.

Because cellulose is an important component of biological mat-
ter, it should serve as foundation for the kinetics of peat. Hadden
et al. [12] confirmed that the 3-step and 3-species scheme of
Ohlemiller, and Kashiwagi and Nambu [13] qualitatively explained
the mass loss measurements taken during peat smouldering of
large samples (�100 g). Using TG data from Scottish and Siberian
peat samples under air atmospheres, Cancellieri et al. [14] devel-
oped a 1-step and 2-species decomposition scheme and calculated
analytically the corresponding set of kinetic parameters. Chen et al.
[15] proposed and quantified two different schemes for the decom-
position of a Chinese boreal peat based on TG data in both nitrogen
and air atmospheres. In nitrogen, they proposed a 3-step and 3-
species scheme whereas in air they proposed a 2-step and 3-spe-
cies scheme. But the competition between pyrolysis and oxidation,
key to smouldering spread, was not explicitly included or quanti-
fied. So far, no completing and quantified kinetic scheme including
simultaneous pyrolysis and oxidation reactions has been proposed
to explain smouldering peat fires.

In this work, we used TG data from the literature to propose,
quantify and investigate a reaction scheme for smouldering of peat
based on a 5-step (1-step drying plus 4-step decomposition) and 5-
species kinetics scheme. Other simpler 3- and 2-step decomposi-
tion schemes are also investigated. Following the work of Rein
et al. [9], we employ a genetic algorithm to find the best set of ki-
netic parameters for each of the schemes and for four different
types of peat, from China (CH), Scotland (SC) and Siberia (SI-A
and SI-B). The schemes are then applied to simulate the reaction-
zone structure using a 1-D steady-state species model. This simple
yet comprehensive model allows investigating the effect of the as-
sumed reaction schemes on predicting the front structures in both
lateral and in-depth spread modes.
2. Smouldering kinetics of peat

From the viewpoint of fire behaviour, the most important com-
ponents of peat are the organic matter (OM), water and minerals
[16,17]. The left hand side of Fig. 2 shows the relative amounts
of the different components found in typical peat samples,
although the proportions can vary significantly with the ecosystem
type (i:e. boreal, temperate or tropical), originating vegetation (e.g.,
sphagnum or feather) and depth (i:e. age and level of decomposi-
tion) [18]. Generally, carbon is one of the most abundant chemical
elements and its fraction in peat is between 30% and 65% [18], sim-
ilar to common biomass types [19] and most synthetic polymers
[20].
Fig. 2. The composition of peat and a possible decomposition paths and products.
2.1. Moisture content and drying

Peat can hold a wide range of moisture contents (MC1) ranging
from about 10% under drought conditions to well in excess of 300%
under flooded conditions [7]. Thus, the corresponding drying process
is crucial in determining the ignition and spread of smouldering peat
fires [3,16,17,21]. The prominent role of moisture is such that natural
or anthropogenic-induced droughts are the leading cause of smoul-
dering megafires [3].

Condensed-phase water can exist within a porous media like
peat in two different forms: hygroscopic (<10 vol% or MC < 100%)
and free (capillary and gravity, 10–40 vol%) [22] (see Fig. 2). The
drying of peat is a multi-step physicochemical process that takes
place at relatively low temperatures while the thermal decomposi-
tion is negligible. At high MC, water evaporation from porous med-
ia starts with the gravity free water in the large pores and then the
capillary water in the small pores. As the water content decreases,
the drying process finishes with the evaporation of the hygroscopic
water bonded to the surface of peat particles [22]. Experimental
studies [16,17,21] show that peat is not susceptible to fire ignition
when the MC is above 115%. Therefore, the drying of free water is
of low interest in peat fires and not studied in this work. Hygro-
scopic water in porous media is dominant at MC < 100% and can
exist above the boiling temperature. In this form, the water is
bonded to the solid surface within a thin film of 4–5 molecules
thickness, so it cannot flow but only change to the vapour phase
as temperature increases [23]. This allows modelling the drying
as the dissociation step of peat-bound water as follows:

Peat � mwH2O! Peatþ mwH2OðgÞ; ðDryingÞ ð1Þ

where vw = MC is the initial moisture content in the dry basis, and
the dot in Eq. (1) means the water is bonded to the peat. The con-
version of the mass fraction from dry basis ([mi]) to the wet basis
ðmiÞ is mi ¼ ½mi�ð1�mw;0Þ ¼ ½mi�=ð1þMCÞ. This drying step is
mainly a chemical process, and can be modelled with a 1-step
Arrhenius expression [24,25].

2.2. Peat decomposition

As temperature increases, the decomposition of the organic soil
becomes dominant. Despite of the complex composition and
chemical process, experimental observations [12,14,15,21] suggest
that a few steps of global reactions can capture the most important
behaviour of the thermal and oxidative degradation of peat. TG
experiments (to be presented later) in nitrogen atmosphere give
information on the thermal decomposition and show that there
is at least a 1-step pyrolysis process. Results in air atmosphere pro-
vide information on the simultaneous thermal and oxidative
decomposition, and show (to be presented later) that at least two
additional steps are needed.

The validity and accuracy of a proposed kinetic scheme reflects
the understanding of the chemical process and the quantity and
quality of the available experimental data, but little is known about
the decomposition of peat. Further referring to the decomposition
of biomasses [26,27] and cellulose [13] and taking into account
that smouldering involves the competition of pyrolysis and heter-
ogeneous oxidations [3,12], we propose here that the most
complete yet simple global decomposition scheme for peat would
be a 4-step, including peat pyrolysis, peat oxidation, b-char
oxidation, and a-char oxidation with 4 solid pseudo-species (peat,
a-char, b-char, and ash):
1 Moisture content (MC) is defined in dry basis as the mass of water divided by the
mass of a dried soil sample. The conversion from volume % is made assuming a
sample density of 110 kg/m3, typical for peat [16].



1636 X. Huang, G. Rein / Combustion and Flame 161 (2014) 1633–1644
Peat! ma;ppa� Charþ mg;ppGas; ðPeat Pyrol:Þ ð2Þ
Peatþ mO2 ;poO2 ! mb;pob� Charþ mg;poGas; ðPeat Oxid:Þ ð3Þ
b� Charþ mO2 ;boO2 ! ma;boAshþ mg;boGas; ðb� Char Oxid:Þ ð4Þ
a� Charþ mO2 ;aoO2 ! ma;aoAshþ mg;aoGas; ða� Char Oxid:Þ ð5Þ

where v i;k is the mass stoichiometric coefficient of species i
(¼ O2; g;p;a;b; a) in the reaction k (¼ pp; po;bo;ao). This scheme is
also conceptually represented in Fig. 2. Overall, there are two possi-
ble parallel paths involved: (a) peat! a-char !ash (Eqs. (2) and
(5)), and (b) peat! b-char !ash (Eqs. (3) and (4)).

Char is also called pyrogenic char or black carbon, and contains
carbon in a porous structure but also other hydrocarbons and min-
eral species [11]. Due to the release of gaseous OM (e.g., volatiles
and pyrolysate) in Eqs. (2) or (3), char has a lower organic content
(OC) than the original peat (see Fig. 2). The a-char and b-char are
yielded through different decomposing mechanisms, so in general
they have different structures, compositions, and reactivities. The
peak temperature in smouldering combustion of peat is about
800 K [12,21], so the high-temperature pyrolysis of char and the
decomposition of the minerals [15] are negligible and not included
in the kinetics.

2.3. Reaction rate and mass evolution in TG experiment

Arrhenius law remains the best expression to quantify and to
simulate condensed-phase reactions [10,9]. The reaction rate for
each of the reactions in Eqs. (1)–(5) is as follows:

_xkðT;mi;YO2 Þ ¼ mi;R
� �

Ake�Ek=RT mi

mi;R

� �nk

Y
nO2 ;k

O2
ð6Þ

where kinetic parameters Ak; Ek; nk and nO2 ;k are the pre-exponen-
tial factor, activation energy, reaction-order of condensed species,
and reaction-order of oxygen in the reaction k, respectively. The
mass fraction of condensed species i;mi, respects to the initial sam-
ple mass (i:e. in the wet basis). The cumulative mass is defined as
mi;R ¼ mi;0 þ

R t
0

_xfids, which remains constant or increases mono-
tonically [28]. During the drying stage, the mass loss of the OM in
peat is assumed to be negligible and that it does not interfere with
the drying process. This is confirmed in the later sections of this
work.

For each reaction, the kinetic and stoichiometric (v i;k) parame-
ters for peat are unknown, and difficult to be measured directly.
TG experiments provide an ideal environment of controllable
atmosphere and heating rate, and negligible thermal gradient
and transport effects during the degradation of the small solid
samples (�mg). Therefore, the mass-loss rate measured during
TG can be well simulated by a lumped model, which for the 5-step
kinetics above is as follows:

_mw ¼ � _xdr;

_mp ¼ � _xpp � _xpo;

_mb ¼ mb;po _xpo � _xbo;

_ma ¼ ma;pp _xpp � _xao;

_ma ¼ ma;bo _xbo þ ma;ao _xao:

ð7Þ

Thus, the total mass-loss rate of the sample is

_m ¼ _mw þ _mp þ _mb þ _ma þ _ma

¼ � _xdr þ ðma;pp � 1Þ _xpp þ ðmb;po � 1Þ _xpo þ ðma;bo � 1Þ _xbo

þ ðma;ao � 1Þ _xao: ð8Þ

The initial conditions, rate of temperature increase, and atmosphere
oxygen fraction are set to simulate the environment in the corre-
sponding TG experiment as follows,
mwð0Þ ¼ mw;0;

mpð0Þ ¼ 1�mw;0;

mað0Þ ¼ mbð0Þ ¼ mað0Þ ¼ 0;
Tð0Þ ¼ T0;

8>>><
>>>:

ð9Þ

YO2 ¼ 0ðN2Þ or YO2 ¼ 0:232ðairÞ;
dT
dt ¼ k;

(
ð10Þ

where the wet-basis moisture content (mw;0) can be converted to
the dry-basis as MC ¼ mw;0=ð1�mw;0Þ; k is the heating-rate con-
stant, i:e. the controlled temperature-increase rate inside the oven,
converting the time-dependent problem into a temperature-depen-
dent problem. Then, unknown parameters can be inversely mod-
elled by matching the simulated mass losses with those in TG
experiments.

TG data at various oxygen concentrations is needed to find the
reaction-order for oxygen (nO2 ;k). As a first approximation, that
nO2 ;k ¼ 1 in oxidation and nO2 ;k ¼ 0 in pyrolysis (i:e. oxygen inde-
pendent) is assumed [9]. If a TG test is only preformed in air
(e.g., [14]), the scheme cannot distinguish the pyrolysis from the
peat oxidation, and the accurate value for nO2 ;k cannot be found.

Because the mass of inorganic matter (or minerals) is conserved
during smouldering and becomes the ash after combustion (see
Fig. 2), the stoichiometric parameters in consecutive reactions
satisfy

IC ¼ 1� OC ¼ ma;ppma;ao ¼ mb;poma;bo; ð11Þ

where the initial inorganic content (IC) of peat relates to the initial
MC and the mass of ash after combustion (ma), as IC
¼ ma=ð1�mw;0Þ ¼ ma(1 + MC).

Therefore, this system of ordinary differential equations con-
tains a total of 18 unknown parameters: (Ak; Ek;nk) from the 5 reac-
tions in the form of Eq. (6), plus mw;0; ma;pp and mb;po. The large
number of unknowns produces a large search space and results
in a complex landscape for the optimization, with numerous local
maxima and minima. Solving it demands an efficient multi-dimen-
sional optimization algorithm such as a Genetic Algorithm (GA)
which has been used successfully in previous related work [9].

3. Inverse kinetics modelling

3.1. Genetic algorithm and optimization techniques

A Genetic Algorithm (GA) is a heuristic search method, imitat-
ing the principles of biological adaption based on Darwinian sur-
vival-of-the-fittest theory [29,30]. In a GA, the candidate
solutions represent the individuals in a population that evolves
with time in a predetermined environment. It has been widely
used in research of combustion science, such as engine design
[31], gas kinetics [32,33], condensed-phase kinetics [9], and fire
pyrolysis [34].

The search goal is to achieve a minimum error with experimen-
tal TG data, defined as:

Ui ¼ c
P
j _mcal;i � _mexp;i jP

_mexp;i
þ ð1� cÞ

P
j mcal;i �mexp;i jP

mexp;i
; ð12Þ

which accounts for relative errors in both the total mass (m) and the
mass-loss rate ( _m), and c is set to 0.5, giving equal importance to
each term. The summations in Eq. (12) are evaluated for each exper-
iment data in the temperature range (from 300 to 900 K). In order to
improve the uniqueness of solution, TG tests conducted in different
atmospheres and heating rates can be optimized simultaneously.
Then, we define the overall error as the linear combination of the
error in each test as
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U ¼
XN

i¼1

wiUi;
XN

i¼1

wi ¼ 1

 !
; ð13Þ

where wi is the weight coefficient. The GA code used here is GAOT
[35]. Generally, good results are reached with a population size be-
tween 100 and 500. The algorithm is stopped when no further de-
crease in U occurs after several hundred generations. Typically,
convergence was achieved in less than 500 generations, requiring
a total computer time of about 2 h with an Intel i7-3770
(3.40 GHz � 8) CPU.

3.2. Kinetic parameters of CH peat

We first determine the kinetic and stoichiometric parameters
for an air-dried low-carbon Chinese (CH) peat (see Table 1). The
TG experiments were conducted by Chen et al. [15] at three
Table 1
Characteristics of four peat samples.

Name Location Peat type Decom

CH [15] North China Coniferous forest Undec
SC [14] Scotland (Sco-1) High moor 42%
SI-A [14] Siberia (Sib-2) High moor 20%
SI-B [14] Siberia (Sib-3) Transition moor 10.5%

a Estimated from this study (dry basis).

Fig. 4. (a) mass, and (b) mass-loss rate of CH peat in air (wet basis) as a function of tempe
Note that the scale in Fig. 4b is different from that in Figs. 3b.

Fig. 3. (a) mass, and (b) mass-loss rate of CH peat in nitrogen (wet basis) as a function
simulations.
heating rates, k = 7.5, 10, and 12.5 K/min, in both nitrogen
(Fig. 3), and air atmospheres (Fig. 4). All six tests are modelled
simultaneously with a same weight coefficient (wi ¼ 1=6). The best
value found for each parameter is listed in Table 2, together with
the range of values of other good solutions (i:e. top individuals sat-
isfying DU ¼ U�Umin < 0:3%). The experimental and simulated
TG curves are compared in Figs. 3 (nitrogen) and 4 (air).

In general, the proposed kinetics captures the position and mag-
nitude of all TG data. The minimum value of the error is
Umin ¼ 7:4%. The best value found for the initial moisture content,
MC = 8.4% is similar to the value of 9% found independently in [15]
for the same peat sample. In nitrogen experiments (Fig. 3b), scru-
tiny reveals that the third (soft) peak in mass-loss rate just above
600 K cannot be simulated by the 1-step pyrolysis of Eq. (2). How-
ever, this second peak is of low intensity, taking place very close to
the first higher peak between 580 and 620 K. Moreover, as it would
position degree Organic content (OCa) Carbon fraction

omposed [18] Low (81.7%) Low (� 30%)
High (98.2%) High (53.32%)
High (97.6%) Medium (44.81%)
Medium (87.9%) Medium (43.09%)

rature for three heating rates. Marks: experimental data [15], and lines: simulations.

of temperature for three heating rates. Marks: experimental data [15], and lines:



Table 2
Kinetic and stoichiometric parameters for the CH peat sample with the 5-step
scheme.

Parameter Best Range Unit

MC 8.4 [8.2, 9.3] (%)
OC 81.7 – (%)
lg Adr 8.12 [6.05, 8.65] lgðs�1Þ
Edr 67.8 [54.8, 71.3] kJ/mol
ndr 2.37 [1.77, 2.77] –
lg App 5.28 [4.28, 5.77] lgðs�1Þ
Epp 86.0 [75.9, 91.1] kJ/mol
npp 4.44 [3.58, 4.47] –
ma;pp 0.39 [0.39, 0.43] kg/kg
lg Apo 30.6 [28.3, 34.5] lgðs�1Þ
Epo 332 [309, 373] kJ/mol
npo 1.36 [1.24, 1.67] –
mb;po 0.43 [0.42, 0.45] kg/kg
lg Abo 1.86 [1.68, 2.19] lgðs�1Þ
Ebo 46.9 [45.0, 51.0] kJ/mol
nbo 0.93 [0.85, 0.93] –
ma,bo

a 0.43 – kg/kg
lg Aao 2.57 [1.95, 2.57] lgðs�1Þ
Eao 54.1 [54.1, 60.4] kJ/mol
nao 1.53 [0.96, 1.57] –
ma,ao

a 0.47 – kg/kg
U 7.4 < 7:7 (%)

a Calculated from Eq. (11).
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be seen in Fig. 4b, above 550 K, the oxidation of peat or char is al-
ready dominant, and pyrolysis does not play an important role.

The simulated reaction rates, _xi, and the dry-basis mass frac-
tions, [mi], at k ¼ 10 K/min are shown in Fig. 5. The first peak of
mass-loss rate in both nitrogen (Fig. 3b) and air (Figs. 4b) between
300 and 400 K, is correctly simulated by Eq. (1) as the drying stage.
In nitrogen (Fig. 3b), the subsequent peak is simulated by Eq. (2) as
the peat pyrolysis. No clear overlapping between drying and pyro-
lysis is observed, which confirms the assumption of negligible peat
decomposition during drying. In air (Fig. 5b), after drying, the
simultaneous pyrolysis and oxidation reactions of peat as well as
the subsequent b-char oxidation overlap in a narrow temperature
range (500–570 K), producing the highest peak of mass-loss rate
in Fig. 4b. Comparison between nitrogen and air simulations shows
that in TG, oxidations dominate the peat decomposition
( _xmax

po = _xmax
pp ¼ 19). Figure 5d shows that the production of b-char

is larger than that of a-char (mmax
b =mmax

a ¼ 11). This also explains
that above 500 K the oxidation rate of b-char is larger than that
Fig. 5. Simulation results of the TG experiment for CH peat at k ¼ 10 K/min, (a)
reaction rates, _xk , and (b) dry-basis mass fractions, [mi], in nitrogen; (c) reaction
rates, _xi , and (d) dry-basis mass fractions, [mi], in air. The rate of peat oxidation is
scaled down by 1/5 due to its exceptionally high peak.
of a-char ( _xmax
bo = _xmax

ao ¼ 12 in Fig. 5b). In other words, for this sam-
ple and under TG conditions, the reaction path (b) (Peat! b-char
!ash) is about one order of magnitude faster than the alternative
path (a) (Peat! a-char !ash).

In Table 2, the best values found for the kinetic triplet
(Ak; Ek; and nk) fall in relatively wide ranges. However, their wide
variations yield small differences in terms of error ðDU < 0:3%Þ.
Investigation of interdependence inside these ranges shows a clear
linear compensation effect [10,36] between lg Ak and Ek. The sam-
ple data is plotted in Fig. 6a and fitted as

lg Adr ¼ �2:52þ 0:157Edr ; ðR2
dr ¼ 1:00Þ

lg App ¼ �3:21þ 0:099Epp; ðR2
pp ¼ 1:00Þ

lg Apo ¼ �1:58þ 0:097Epo; ðR2
po ¼ 1:00Þ

lg Abo ¼ �2:26þ 0:087Ebo; ðR2
bo ¼ 0:99Þ

lg Aao ¼ 4:30� 0:038Eao; ðR2
ao ¼ 0:44Þ

8>>>>>>>><
>>>>>>>>:

ð14Þ

showing a high linearity as measured by the R2 coefficient, except
for the a-char oxidation. The reaction order, nk, also depends on
Ek for all reactions (see Fig. 6b). Except for nao, all other nk increases
linearly with Ek, although the scatter of data is significant. There-
fore, the kinetic triplet (Ak; Ek, and nk) are interdependent, as math-
ematically proved for TG conditions by [37]. For a-char oxidation,
the most likely reason for the non-linear dependence of the triplet
is that its very low reaction rate carries a low contribution to the to-
tal mass loss measured in TG. This is a limitation in the experimen-
tal data available that cannot provide sufficiently information to fix
the temperature range and reaction rate of a-char oxidation accu-
rately. Therefore, this serves as evidence that adding more reaction
steps would not improve the interpretation of this TG data.

Finding the right level of complexity is a key question in kinet-
ics modelling. In order to explore this issue, a reduced 3-step
Fig. 6. Interdependence among the kinetic parameters: (a) lgðAkÞ against Ek , and (b)
nk against Ek; data from good solutions satisfying DU < 0:1%. The inserted sub-
figures have different scales.



Fig. 7. Mass-loss rate of CH peat in air (k ¼ 10 K/min) simulated by chemical
schemes with different number of steps. The number of steps in the legend includes
the drying plus the peat decomposition steps.
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decomposition scheme with 3 solid pseudo-species for peat
decomposition is obtained,

Peat! ma;ppCharþ mg;ppGas; ðPeat Pyrol:Þ
Peatþ mO2 ;poO2 ! mc;poCharþ mg;poGas; ðPeat Oxid:Þ
Charþ mO2 ;coO2 ! ma;coAshþ mg;coGas; ðChar Oxid:Þ

ð15Þ

where only one type of char is considered. Chen et al. [15] proposed
a more reduced 2-step scheme with 3 solid pseudo-species by
neglecting the peat pyrolysis of Eq. (2) and lumping it into the peat
oxidation of Eq. (3),

Peatþ mO2 ;poO2 ! mc;poCharþ mg;poGas; ðPeat Oxid:Þ
Charþ mO2 ;coO2 ! ma;coAshþ mg;coGas: ðChar Oxid:Þ

ð16Þ

Figure 7 compares the results obtained with the different decompo-
sition schemes plus drying, where only the mass-loss rate in air at
10 K/min is considered for the optimization and reported. No clear
difference can be found between different schemes, and their de-
grees of fit are very similar: Umin ¼ 7:7% (2-step), 5.6% (3-step),
and 5.4% (4-step). One major reason for such a good fit is that under
Table 3
Kinetic and stoichiometric parameters for Scottish and Siberian peat samples with the 4-s

Parameter Peat type

SC SI-A

Best Range Best

MC 8.1 [8.0, 8.2] 11.3
OC 98.2 – 97.6
lg App 5.92 [5.75, 6.31] 4.81
Epp 93.3 [91.1, 97.6] 80.0
npp 1.01 [0.96, 1.05] 1
ma;pp 0.75 [0.70, 0.97] 0.55
lg Apo 6.51 [5.92, 6.69] 5.72
Epo 89.8 [83.7, 91.6] 85.1
npo 1.03 [0.91, 1.03] 1
mb;po 0.65 [0.53, 0.68] 0.46
lg Abo 1.65 [1.61, 1.73] 50.3
Ebo 52.4 [51.8, 53.7] 689
nbo 0.54 [0.48, 0.57] 1
ma,bo

a 0.03 – 0.05
lg Aao 7.04 [6.63, 7.75] 2.83
Eao 112 [106, 120] 59.8
nao 1.85 [1.79, 2.14] 1
ma,ao

a 0.02 – 0.04
U 1.5 <1.7 4.5

a Calculated from Eq. (11).
TG conditions and air atmosphere, the reaction path (b) (Peat ?b-
char ?ash) overwhelms the parallel path (a) (Peat ?a-char
?ash) so giving less importance to some of the reactions in the 4-
step decomposition.

As the results show here, it is difficult to discern the relatively
superiority of each schemes in the TG realm because the inverse
modelling approach forces good results in all cases. However, in
Section 4, we settle this issue by applying these schemes and the
kinetics parameters into a plug-flow model of a smouldering front.
3.3. Kinetic parameters of carbon-rich peat

The kinetic and stoichiometric parameters for another three
oven-dried carbon-rich peat from Scotland (SC) and Siberia (SI-A
and SI-B) have been found. The characteristics of the samples are
listed in Table 1. The TG experiments were conducted by Cancelli-
eri et al. [14] at three heating rates, k ¼ 10, 20, and 30 K/min, in air
only. The TG data is available at 500–900 K, so the drying process
cannot be explored. Note that without TG results in a non-oxidiz-
ing atmosphere (e.g., nitrogen), the separation between the pyroly-
sis and oxidations reactions cannot be established thus leading to
inaccuracies in the kinetics.

The highest heating rate of 30 K/min of this TG data is close to
range of heating rates observed experimentally in smouldering
peat samples (between 30 and 50 K/min [38]). For this group of
experimental data, the quality of inversely modelled kinetic
parameters is investigated by optimizing with only the 20 K/min
data, and using the other two heating rates (10 and 30 K/min) as
blind predictions.

Due to the interdependence among three kinetics parameters,
all reaction orders (nk ¼ 1) for the SI-A peat are fixed here. The val-
ues found for all kinetic and stoichiometric parameters are listed in
Table 3. The minimum errors are Umin ¼ 1:5% (SC), 4.5% (SI-A), and
3.5% (SI-B). The experimental and simulated TG curves are com-
pared in Fig. 8. In general, the proposed kinetics successfully cap-
tures the position and magnitude of all TG curves between 500
and 900 K at 20 K/min. The blind predictions for 10 and 30 K/min
also show a good agreement, demonstrating the capabilities of
the kinetic scheme when extrapolated to different heating rates.
A strong linear compensation effect among lg Ak and Ek is also ob-
served for all reactions of 3 peat, similarly to the CH peat in Fig. 6.
tep scheme of peat decomposition.

Unit

SI-B

Range Best Range

[11.2, 11.5] 8.8 [8.7, 8.9] (%)
– 87.9 – (%)
[4.79, 5.99] 4.63 [3.58, 5.66] lgðs�1Þ
[80.0, 93.5] 74.3 [63.0, 84.6] kJ/mol
– 1.64 [1.53, 1.91] –
[0.55, 0.68] 0.93 [0.92, 0.99] kg/kg
[4.26, 5.72] 7.62 [6.82, 8.80] lgðs�1Þ
[68.4, 85.1] 104 [94.6, 116] kJ/mol
– 0.65 [0.63, 0.80] –
[0.35, 0.46] 0.30 [0.26, 0.32] kg/kg
[49.6, 63.8] 5.06 [5.06, 5.83] lgðs�1Þ
[680, 872] 91.7 [91.7, 112] kJ/mol
– 0.59 [0.50,0.63] –
– 0.40 – kg/kg
[2.16, 3.56] 4.69 [3.93, 4.91] lgðs�1Þ
[51.0, 69.3] 80.8 [71.5, 83.4] kJ/mol
– 1.49 [1.34, 1.55] –
– 0.13 – kg/kg
<4.8 3.5 <3.7 (%)



Fig. 8. The wet-basis mass loss (up) and mass-loss rate (down) of (a) SC, (b) SI-A, and (c) SI-B samples in air for three heating rates. Marks: experimental data [14], and lines:
simulations.
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The simulated reaction rates, _xk, and the dry-basis mass frac-
tions, mi, at 20 K/min are explored in Fig. 9. Similar to the results
of CH samples, the rates of peat pyrolysis and oxidation peak at
550–600 K, and then rates of two char oxidations peak at about
700 K. But unlike the CH sample which has a large peat-oxidation
rate and a small char-oxidation rate, these high-OC samples show
that the maximum value of all reactions rates are in the same order
of magnitude. Also, a-char and b-char oxidations play a similarly
important role at high temperature. These suggest that the differ-
ences in reactivity seen between CH and SC/SI samples are due to
the different carbon contents and decomposition degrees.
Fig. 9. Modelled reaction rates, _xk (top) and species mass fraction, mi (bo
The influence of the number of reactions is also discussed here.
Figure 10 compares the original 4-step decomposition scheme in
Eqs. (2)–(5) with the 3-step scheme in Eq. (15) and the 2-step
scheme in Eq. (16) by modelling the mass-loss rate at 20 K/min.
Both the 3-step and 2-step schemes can roughly capture the two
peaks of mass-loss rate, but the agreement is poor, especially for
high-moor SC and SI-A peat. The difference in the degree of fit be-
tween 2-step and 3-step schemes is very tiny (difficult to discrim-
inate for SC and SI-A samples in Fig. 10). Moreover, the simulation
also reveals that with 3-step or 2-step kinetics the disagreement
further increases in the blind prediction of other heating rates.
ttom) for (a) SC, (b) SI-A, and (c) SI-B samples in air (k ¼ 20 K/min).



Fig. 10. Mass-loss rate of (a) SC, (b) SI-A, and (c) SI-B peat in air (20 K/min) simulated by kinetics with different steps.

Fig. 11. Spread modes of 1-D smouldering combustion: (a) lateral spread; and (b)
in-depth spread. See Fig. 1 for a combined illustration of these fronts.
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Therefore, including two kinds of char (a-char and b-char) could be
crucial to explain the smouldering combustion of peat with a high
OC.

4. Application of the kinetics to smouldering front

4.1. 1-D steady-state plug flow model

In this section, a 1-D species plug-flow model is used to explore
the different chemical schemes and kinetic parameters, and study
the reaction-zone structure of a smouldering front. The spread of a
smouldering peat fire has two leading fronts that are significantly
different (see Fig. 1: lateral and in-depth spreads). At the in-depth
spread, a forward propagation configuration is assumed [3,12],
where the airflow by diffusion or convection and the smouldering
front moves in the same direction. Both spread modes have been
illustrated in more detailed Fig. 11 including the sub-fronts and
their orders according to the literature [3,21].

This plug flow model only solves species-conservation equa-
tions and is formulated as a boundary-value problem [9]. It as-
sumes a constant smouldering spread rate and a thermal
equilibrium between gas and solid phases. Also, it does not solve
the energy conservation but uses a prescribed temperature pro-
file instead, converting the original PDE system into an ODE
system.

At the lateral spread (Fig. 11a), smoulder spreads along the top
soil surface with an abundant oxygen supply, implying that the
oxygen depletion in the reaction zone is negligible. So only species
conservation for solid species is considered:

dmi

dn
¼ �Das

X
k

mi;k
_hk; ð17Þ

where n is the non-dimensional spatial variable along the propaga-
tion direction (i:e. along the top surface) with respect to the char-
acteristic smoulder-front thickness L; and the Damköhler number
in solid phase is defined as Das ¼ ðL=SÞ=s. According to Eq. (6), the
non-dimensional reaction rate is scaled by a characteristic time s
as

_hk ¼ s _xk ¼ s mi;R
� �

Ake�Ek=RT mi

mi;R

� �nk

Y
nO2 ;k

O2
ð18Þ

with _hk < 0 for consumption and _hk > 0 for generation. The density
in solid phase, qs, is assumed to be constant and same for all spe-
cies. Eq. (17) in the lateral spread (1-D in space) is equivalent to
Eq. (8) in the TGA (1-D in temperature), but their heating rates
are different.

The boundary conditions for Eq. (17) are related to the species
mass fractions ahead of the front (see in Fig. 11a), specified as
mwðn ¼ þ1Þ ¼ mw;0;

mpðn ¼ þ1Þ ¼ 1�mw;0;

mcðn ¼ þ1Þ ¼ mbðn ¼ þ1Þ ¼ maðn ¼ þ1Þ ¼ 0:

8><
>: ð19Þ

The non-dimensional temperature profile is prescribed as

P ¼ T � T1
Ts � T1

¼
1; n 6 0
expð�gnÞ; n > 0

�
ð20Þ

where Ts is the peak smouldering temperature, and g ¼ SL=as is
estimated from non-dimensional analysis of the Fourier’s law with
the upstream solid-phase thermal diffusivity, as. That is, the tem-
perature profile is steeper for a larger spread rate.
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At the in-depth spread (Fig. 11b), smoulder spreads into the
deep soil layers with a limited oxygen supply, so the oxygen con-
servation is also solved and coupled with solid species in heteroge-
neous reactions. By invoking mass conservation in the plug-flow
model with a constant inlet airflow velocity, ug , the mass fraction
of oxygen in the gas phase varies as

dYO2

dn
¼ � qs

qg
Dag

X
k

mO2 ;k
_hk: ð21Þ

At n ¼ �1, we assume

YO2 ðn ¼ �1Þ ¼ yO2 ;a
; ð22Þ

where n is along the direction of in-depth spread; the Damköhler
number in gas phase is defined as Dag ¼ L=ðug � SÞ=s; and the gas
density, qg , varies as the ideal-gas law. The inlet oxygen first dif-
fuses through the ash layer before reaching the reaction zone, so
an oxygen concentration lower than the atmospheric value is se-
lected for YO2 ;�1. A steady-state propagation is achieved when oxy-
gen is completely consumed in the reaction zone. The temperature
profile is also defined by Eq. (20). All parameters used in the model
are summarized in Table 4. Note that the characteristic time, s, is
set to scale the non-dimensional reaction rates in the order of 1.

4.2. Results of lateral spread

The shallow-front spread is first modelled with the proposed 5-
step kinetics (drying plus 4 decomposition reactions) and the cor-
responding kinetics parameters. For the sake of space limitations,
only the results of CH and SC samples are reported. The drying
parameters of the SC sample are assumed to be the same as that
of the CH sample in Table 2.

Figure 12 shows the reaction rates and mass fractions at the lat-
eral spread. These are qualitatively similar to those in Figs. 5 and
9a, as expected from the similarity between Eqs. (8) and (17).
Three very distinct propagating sub-fronts are observed: drying,
peat decomposition, and then followed by char oxidation, agreeing
with experimental observations in [12,21]. In particular, the role of
the drying front is captured here for the first time. The thickness of
each propagating sub-front is found when the non-dimensional
reaction rate is dominant with a threshold value of 0.01:
ddr=dpd=dco is 2.7/0.6/0.8 cm (CH sample), and 2.6/0.9/0.8 cm (SC
sample). Similar relative positions are also observed for SI-A and
SI-B samples, but not repeated here. The information is clear: the
drying front is long, and if moisture content increases, the drying
front will become longer, so as to slower or forbid the fire spread.

For the CH sample (Fig. 12a) the peat-pyrolysis zone is longer
than the peat-oxidation zone (dpp=dpo � 2). But peat pyrolysis is
much slower than peat oxidation ( _xmax

po = _xmax
pp ¼ 21), and the major-

ity of the original peat (90%) is oxidized. Consequently, the b-char
Table 4
Parameters used in plug flow model.

Parameter Value Unit References/notes

MC 50% kg/kg –
mO2 ;po 0.3 – [12,39]
mO2 ;co 1.0 – [12,39]
qs 150 kg/m3 [12]
as 10�7 m2/s [40]

L 1 cm Scaling
s 600 s Scaling (=10 min)
Ts 800 K [21,41]
Sl 0.50 mm/min [41]
Sd 0.29/0.26 mm/min CH/SC peat (cal.)
ug 0.80 mm/s Dimensional analysis
YO2 ;a 0.12 – Assumed
oxidation dominates at high temperature. For the SC sample
(Fig. 12b), both of the parallel paths (a and b) are important, but
peat oxidation is still larger than pyrolysis ( _xmax

po = _xmax
pp ¼ 2), and

up to 65% of peat is oxidized. In summary, at the lateral spread,
peat oxidation and the corresponding reaction path of (Peat?b-
char?ash) are more important.

The validity and accuracy of the reaction-zone structure at the
lateral spread is expected to be high because its environment is
similar to that of the TG experiment in air, which can be viewed
as a good reproduction of larger scales. For this reason, it is ex-
pected if a reduced kinetics can well explain the TG experiment
in air, it can accurately capture the reaction-zone structure of the
lateral spread. Figure 12 also shows the reaction-zone structure
modelled from 3-step decomposition scheme plus drying, Eqs.
(15) and (1). The comparison with the original 4-step decomposi-
tion scheme reveals a small difference because a close degree of
fit is found in Figs. 7 and 10.

4.3. Results of in-depth spread

The same 5-step kinetics is applied to CH and SC samples at the
in-depth spread. The oxygen stoichiometric coefficients for oxida-
tions of peat ðmO2 ;poÞ; a-char ðmO2 ;aoÞ; and b-char ðmO2 ;boÞ are ob-
tained from carbon emission measurements [39], and assumed to
be proportional to the heat of oxidation [9]. The heat of reaction
can be estimated from the elemental composition [12,14,15], and
assumed to be proportional to the mass loss of organic content
in each step. The oxygen diffusion velocity is estimated from the
dimensional analysis of Fick’s law, ug �

ffiffiffiffiffiffiffiffiffiffi
ag=s

p
where the gas ther-

mal diffusivity ag is in the same order of molecular diffusivity.
Figure 13 shows the reaction rates and species distribution for
in-depth spread.

The calculated in-depth spread rate is reported in Table 4, in the
same order (�0.1 mm/min) of experimental observations [3,41]. In
general, the oxidation rate as well as the in-depth spread rate is
lower than that of lateral spread because of the oxygen depletion.
For the CH sample (Fig. 13a), a similar three-propagation-front
structure is observed, but the dimension becomes larger where
ddr=dpd=dco follows 3.6/1.5/1.1 cm. Compared to the lateral spread,
the peat-decomposition zone is larger, but the peat-oxidation zone
inside becomes even thinner (dpp=dpo ¼ 10). Thus, larger fraction of
the original peat (36%) is pyrolyzed (only 10% at the lateral spread),
and the oxidation rates of the two chars are comparable at high
temperature. For the SC sample (Fig. 13b), the propagation fronts
also become larger: ddr=dpd=dco follows 4.0/1.9/1.0 cm. Pyrolysis be-
comes dominant, 98% of the peat is pyrolyzed, and so as the a-char
oxidation at high temperature. In short, at the in-depth front the
pyrolysis and the corresponding path of (peat ! a-char !ash)
becomes more important or even dominant because the oxygen
supply is limited upstream.

The validity and accuracy of reduced decomposition schemes
(3-step and 2-step) plus drying are also explored in Fig. 13. For
the CH sample, 3-step scheme, Eq. (15) including pyrolysis, gives
a good agreement. Meanwhile, although 2-step scheme, Eq. (16),
can give a good degree of fit to the TG curve in Fig. 7, the result
for in-depth spread is misleading, where the peat-decomposition
zone becomes very thin and overlapping with the char-oxidation
zone. The major reason is that the 2-step scheme does not include
the oxygen-independent pyrolysis. Thus, it cannot capture the oxy-
gen-limited character of in-depth spread.

Now, focus on the SC sample in Fig. 13b, although the reduced
3-step scheme gives a similar peat-decomposition zone, the thick-
ness of char-oxidation zone becomes doubled and the char oxida-
tion becomes much mild. For the 2-step scheme, similar
misleading results are shown: the peat-decomposition zone be-
comes thinner and partially overlapping with the high-temperature



Fig. 12. Reaction-zone structure of the lateral spread for (a) the CH peat; and (b) the SC peat.

Fig. 13. Reaction-zone structure of the in-depth spread for (a) the CH peat, and (b) the SC Peat.
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char-oxidation zone, although in Fig. 10a these step-reduced
schemes can give a comparable degree of fit as the 4-step decompo-
sition. In summary, a kinetic scheme, having good agreement with
TG experiments, is not necessarily beneficial for more accurately
modelling smouldering combustion under various environmental
conditions, unless it includes all the important dominant physics.
In order to further improve the model accuracy, TG testing under
various oxygen concentrations is necessary.

5. Conclusions

In this work, a 5-step kinetics (1-step drying and 4-step decom-
position) is proposed for smouldering combustion of peat. The
scheme includes one pyrolysis, and three oxidations, plus 1-step
drying with 5 condensed species (water, peat, a-char, b-char, and
ash). The corresponding inverse problem on TG data is solved to
find the best kinetic and stoichiometric parameters for four types
of boreal peat. Reduced 3-step and 2-step decomposition schemes
are found to give reasonable agreements with TG data as well. The
results show that at the TG level, all proposed schemes seem to
perform well, with a high degree of agreement resulting from the
forced optimization in the inverse problem approach.

The chemical validity of the schemes is then investigated out-
side the TG realm and incorporated into a 1-D plug-flow model
to study reaction and the species distribution inside a peat smoul-
dering front. Both lateral and in-depth spread modes are consid-
ered. The results show that the drying sub-front is essential, and
the best kinetics is the 4-step decomposition. At the lateral spread,
the structure is found to be similar to that in the TG experiment be-
cause of the analogy between time in TG and space in a 1-D moving
framework. The path of (peat ?b-char ?ash) is dominant. At the
in-depth spread, modelling results show that the oxygen consump-
tion controls the thickness of the reaction front. Moreover, the
pyrolysis as well as the path of (peat?a-char?ash) becomes more
important in the in-depth mode. It is also found that the reduced
kinetic scheme without pyrolysis (2-step) give misleading predic-
tions of in-depth spread, despite the apparent agreement with
TG data.

This is the first time that the smouldering kinetics and the reac-
tion-zone structure of a peat fire are explained and predicted, thus
helping to understand this important natural and widespread phe-
nomenon. Future work will focus on the initiation and spread of
smouldering peat fires with a comprehensive multiphysics model,
including heat, mass, and momentum transport in the porous bed.
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