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Abstract

Smouldering is a slow, low-temperature, and flameless form of combustion, which
is governed by the competition between system heat losses and oxygen supply. Wide-
spreading and long-lasting smouldering wildfires in natural fuels are one of the largest
and most persistent combustion phenomena on Earth. However, our understanding of the
smouldering combustion mechanism, oxygen thresholds, emissions and associated public
health impacts are still limited. This thesis presents a comprehensive multi-scale study on
smouldering wildfires to address these knowledge gaps. First, experimental and numeri-
cal studies were performed to explore near-limit oxygen thresholds for smouldering com-
bustion. Results revealed that smouldering can sustain at extremely low oxygen condition
of 2%. Second, machine learning models were deployed to predict emission factors of
CO, CO», and particulate matters of typical natural fuels. Third, fire-associated premature
deaths were assessed by using burned area dataset, GEOS-Chem chemical transport
model, and Global Exposure Mortality Model. The analysis suggests that approximately
200,000 premature deaths were attributable to fire smoke exposure during the 2014-2015
peat fires in Southeast Asia. In summary, the insights gained from this thesis deepen our
fundamental understanding of smouldering combustion and highlight the significant

health and environmental impacts of smouldering wildfires.

Keywords: Fire limits; Lab experiment; Machine learning; Atmospheric transport mod-

elling; Health impacts.
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CHAPTER 1 Introduction



1.1 Research background

From the perspective of combustion, wildfires can be divided into two types: flaming
and smouldering (Rein and Huang 2021). Smouldering is a slow, low-temperature, and
flameless phenomenon that occurs in charring porous fuels such as peat, coal, wood, and
forest litter. It is primarily sustained by exothermic oxidations when oxygen molecules
directly attack the hot surface of condensed-phase reactive media. As a typical incomplete
combustion, its reaction temperature (~450—700 °C), fire spread rate (~1 mm/min), and
combustion heat (~6—15 MJ/kg) are lower than those of flaming combustion that occurs
in gas phase. The smouldering process involves complex chemical reactions and intricate
heat and mass transfer mechanisms. To summarize these processes, smouldering is often

simplified into two steps: pyrolysis and char oxidation, as shown in Fig. 1-1a.
Pyrolysis is a prerequisite for the occurrence of smouldering reactions:
Solid fuel + Heat — Pyrolysis gases + Char (1.1)

In this process, charring solid fuels undergo endothermic decomposition (even in the
absence of oxygen), producing pyrolysis gases, particulate matter (PM), and char. The
pyrolysis temperature is influenced by fuel properties. Thermogravimetric analysis (TGA)
shows that the lowest pyrolysis temperature (the threshold temperature at which pyrolysis
reactions begin) of common fuels (such as wood products and peat) is about 200 °C, while
the peak pyrolysis temperature (the threshold temperature causing the maximum rate of

mass loss) is about 320 °C (Chen et al. 2023c¢).

The products of pyrolysis in both gas (pyrolysis gases) and solid (char) phases can
undergo further oxidation. Flaming occurs when the exothermic reactions are dominated

by homogeneous reactions between pyrolysis gases and oxygen:
Pyrolysis gases + Oxygen — Gaseous products + Heat (Flaming) (1.2a)

The occurrence of flaming requires sufficient concentrations of pyrolysis gases and
oxygen, as well as adequate heat and temperature to initiate flaming combustion
(Quintiere 2016). By contrast, smouldering occurs when the oxidation of solid-phase char

dominates the process:



Char + Oxygen — Gaseous products + Ash + Heat (Smouldering)  (1.2b)

The characteristic temperatures of char oxidation are slightly higher than those of py-
rolysis. The lowest oxidation temperature (the threshold temperature at which oxidation
reactions begin) is about 300-350 °C, and the peak oxidation temperature (the threshold
temperature causing the maximum rate of mass loss due to char oxidation) is about 440 °C
(Chen et al. 2023c¢). Notably, metal and minerals contained in the char can catalyse oxi-
dation reactions (Rein et al. 2016), and the inorganic contents (IC) which cannot be oxi-
dized become ash as combustion residues. Throughout the smouldering process, the heat
released by oxidation reactions is used to balance system heat losses, evaporate fuel mois-
ture, maintain and preheat fuel temperature, and sustain the endothermic pyrolysis reac-

tions.

(a) ‘ R Smouldering

Pores <

‘ Free water (1) Drying Water
H vapour (g) ;
Flaming
| Hygroscopic water
Solid | %{g?{m%mNattgl]' High-carbon
particles | s e Oxidation |
s Inorganic matter (Smouldering)
Pyrolysis e
= Emissions + R
Pyrolyzate 02 €O, H,0,CO,
~ [€0/cO, CHO, Oxidation I  PAHs, PMs]
Inorganic matter — (Flaming)

(b) (c)

| Clean fuel
(Hz, CH,)

— Biochar

Smouldering Process

s Solid waste
SR
Oxygen Supply

Fig. 1-1 Chemical pathways of flaming and smouldering in charring solid fuels, with examples
of smouldering and flaming in wood (a); smouldering peatland fire around the Swan Lake in
Alaska in 2019 (photo by Kale Casey, Alaska Division) (b); and clean biomass removal technol-

ogy based on smouldering combustion (c).
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Smouldering fires can be sustained under extreme conditions of high moisture content
(MC >100%, dry basis) and can burn at very low oxygen concentrations. Therefore,
smouldering can be uncontrolled wildfires (Fig. 1-1b) and clean biomass removal tech-
nologies (Fig. 1-1¢). Some experiments have measured its critical oxygen concentration
to be less than 10% (Richter et al. 2021). In contrast, sustaining flaming combustion usu-
ally requires at least 14—16% oxygen concentration, and flame-retardant materials need
environments with oxygen concentrations higher than atmospheric levels (21%) to main-
tain combustion (Quintiere 2016). Even if the oxygen concentration is high, flames are
difficult to sustain without sufficient airflow, such as in microgravity environments
(Fujita 2015; Wu et al. 2020). Smouldering peat fires and underground coal fires are
among the largest and longest-lasting fire phenomena on Earth (Rein 2013). For example,
influenced by climate change, Southeast Asia has frequent smouldering peat fires since
1991, with the most severe incidents occurring in 1997, 2006, 2009, 2013, and 2015
(Koplitz et al. 2016). During the 1997 El Niilo event alone, massive peat fires in Indonesia
triggered a notorious transboundary haze event that lasted over half a year, resulting in
severe air pollution in densely populated areas and significantly affecting public health
(Heil and Goldammer 2001; Page et al. 2002). Smouldering peat fires also occur in north-
ern and boreal regions such as Siberia and North America (Fig. 1-1b). In recent years,
increasing remote sensing monitoring (McCarty et al. 2020; Scholten et al. 2021; Xu et
al. 2022) and experimental evidence (Qin et al. 2022a; Zhang et al. 2024) have confirmed
the existence of “overwintering fires”: smouldering fires in cold regions can hibernate
underground in low temperature environment and re-emerge to the surface when temper-
atures rise and fuels dry out in the following year, and even igniting surface flaming fires
(Zhang et al. 2024). Even during underground propagation, smouldering fires continu-
ously emit large amounts of greenhouse gases (GHGs) like CO2 and CH4 into the atmos-
phere, exacerbating climate change and the greenhouse effect in the Arctic region, leading
to global issues such as glacier melting and permafrost thawing (Webb et al. 2021,
Hermesdorf et al. 2022). Although smouldering fires on a global scale have attracted
some attention, our current understanding of them is still limited. Therefore, an in-depth
investigation of the critical oxygen conditions, emission characteristics, and public
health impacts for smouldering fires is of great significance for understanding and

controlling large-scale natural disasters.



1.2 Aims and objectives

This project aimed to perform a comprehensive investigation on smouldering fires,
focusing on the combustion limits, emission prediction and public health impacts. Spe-

cifically, the thesis was accomplished by addressing the following objectives:

e The fire behaviour and oxygen supply thresholds were investigated to help under-

stand persistent smouldering fires under deep peat layers.

¢ A machine learning model was developed to predict the emission factors (EFs) of

various wildland-urban interface (WUI) fuels.

e The public health impacts of typical smouldering wildfires in South-east Asia were
assessed using satellite data, chemical transport model (CTM), and epidemiological

model.

1.3 Research significance

Smouldering fires pose significant risks to the environment and public health due to
their prolonged burning and massive emissions. However, the fundamental understanding
of their combustion dynamics, emission characteristics, and health impacts remains lim-
ited. This study addresses these knowledge gaps through a comprehensive investigation

of smouldering fires.

First, this research advances the understanding of behaviours of underground smoul-
dering fires, particularly their persistence, propagation, and emissions from deep peat lay-
ers. In addition, this thesis conducts both experimental and numerical studies to examine
the oxygen threshold for smouldering, including the limiting oxygen concentration (LOC),
minimum oxygen supply rate (1 i), and their influencing factors. It contributes crit-

ical insights into the fundamental mechanisms of smouldering combustion.

Second, by employing machine learning algorithms, this study develops an emission



prediction model for different WUI fuels, facilitating more accurate fire emission esti-

mates and providing essential data for assessing the associated public health impacts.

Third, this research extends its impact on public health by assessing the health risks
of smouldering wildfires in Southeast Asia, a highly dense region with significant peat
fires. By integrating burned area data, emission factors, and epidemiological models, the
study quantifies the health burden of smouldering fire emissions, providing essential ev-

idence for policymakers and fire management authorities.

Overall, this study contributes to combustion and fire science, atmospheric research,
and public health by offering new methodologies and predictive tools for understanding

smouldering combustion and evaluating its societal impacts.

1.4 Thesis outline

This thesis comprises three peer-reviewed publications and two ongoing studies con-

ducted during my PhD. It is structured in a manuscript-style format:

Chapter 1 introduces the research background (Chapter 1.1), aims (Chapter 1.2), and
significance (Chapter 1.3).

Chapter 2 presents the literature review on three aspects that mirror the three objec-
tives of this thesis, namely the oxygen thresholds of smouldering combustion (Chapter
2.1), wildfire emissions and chemical transport models (Chapter 2.2), and health effects

of wildfire emissions (Chapter 2.3).

Chapter 3 describes the methodology of this thesis, including lab experiments (Chap-
ter 3.1), numerical simulations (Chapter 3.2), machine learning (Chapter 3.3), earth-scale

chemical transport modelling (Chapter 3.4), and epidemiological model (Chapter 3.5).

Chapter 4 performs large-scale laboratory experiments (1 meter in height) to demon-
strate persistent smouldering phenomena and observe fire behaviour under oxygen-lim-
ited conditions. It is based on peer-reviewed paper: Y. Qin, D. Musa, S. Lin* and X.
Huang* (2022). Deep Peat Fire Persistently Smouldering for Weeks: A Laboratory



Demonstration. International Journal of Wildland Fire, 32, 86-98.

Chapter 5 presents the design of a novel reactor that allows precise control and meas-
urement of the oxidizer flow entering the smouldering reaction zone. This enables the
definition of the oxygen threshold, including both the limiting oxygen concentration and
flow rate, for a representative porous fuel. It is based on peer-reviewed paper: Y. Qin, Y.
Chen, S. Lin* and X. Huang* (2022). Limiting Oxygen Concentration and Supply Rate
of Smouldering Propagation. Combustion and Flame, 245, 112380.

Chapter 6 develops a computational model and validates it using previous experi-
mental data. This enables the prediction of the influence of additional fuel properties and
environmental temperatures on smouldering oxygen thresholds. It is based on peer-re-
viewed paper: Y. Qin, Y. Chen, Y. Zhang, S. Lin* and X. Huang* (2024). Modeling
Smothering Limit of Smouldering Combustion: Oxygen Supply, Fuel Density, and Mois-
ture Content. Combustion and Flame, 269, 113683.

Chapter 7 establishes a novel machine learning model for predicting CO,, CO, and
total particulate matter (TPM) emissions from WUI fires. Emission factor dataset was
compiled from available literature and used for training an Artificial Neural Network

model. This chapter is based on an unpublished on-going work.

Chapter 8 evaluates public health impacts from smouldering fires. Taking the large-
scale smouldering peat fires in Southeast Asia in 2014-2016 as a case study, this chapter
utilizes two global fire datasets, GFED4 (Global Fire Emission Database, version 4.1)
and GFAS (Global Fire Assimilation Systems, version 1.2), which provide fire burned
area and fire radiative power data. The GEOS-Chem (Goddard Earth Observing System
- Chemistry) atmospheric chemistry model is employed to estimate the transport of PMz s
emissions in the atmosphere. Finally, the GEMM (Global Exposure Mortality Model) is
used to assess premature deaths associated with the smouldering fire event. This chapter

is based on an unpublished on-going work.

Chapter 9 highlights the key conclusions of this thesis and outlines potential future

research directions.



CHAPTER 2 Literature review



2.1 Oxygen thresholds of smouldering combustion

Smouldering is a heterogeneous process driven by direct oxygen interaction with the
hot solid surface. Fundamentally, as a combustion process, oxygen supply is a key mech-

anism that controls smouldering reactions.

2.1.1 Smouldering oxygen supply modes

Oxygen supply modes in smouldering are typically divided into two categories: nat-
ural oxygen supply (Fig. 2-1a) and forced oxygen supply (Fig. 2-1 b-d). In the case of
natural diffusion oxygen supply, air (oxygen) can be transported from the external envi-
ronment to the smouldering reaction zone driven by natural/free convection and diffusion.
For example, natural convection due to buoyancy plays a dominant role in oxygen supply
for surface smouldering fires where the environmental wind is neglected. In contrast, in
underground fires that spread in deeper layers, the concentration gradient formed after
the consumption of limited oxygen makes oxygen diffusion the dominant form of oxygen
supply (Palmer 1957; Rein et al. 2016). In the one-dimensional (1-D) deep underground

smouldering scenario,

oYy,
ay

iy (y) = =YD (Dif fusion) (2.1)

where y represents the distance between the smouldering front and the free surface. The
term m,, (y) denotes the diffusive oxygen supply flux driven by the concentration gradi-

ent at different depths (in g/m?-s). 1 is the average porosity within the porous medium.

D is the diffusion coefficient of oxygen in the porous fuel, influenced by factors such as

Yo

temperature and the porosity of the porous material. The expression 6y2

represents the

oxygen concentration gradient at depth y.

Forced oxygen supply includes (1) forced external flow: convection where airflow
passes over (Fig. 2-1b) or toward the fuel surface (Fig. 2-1¢), such as in surface smoul-
dering fires under the influence of environmental wind, and (2) forced internal flow:
directly introducing air into the porous fuels (e.g., controlling oxygen supply variables in
laboratory smouldering experiments or airflow introduced in smouldering solid waste

treatment devices). In the scenarios of forced external flow on the fuel surface (Fig. 2-1¢),

9



the actual oxygen flux at depth y, denoted as m,,, (y) can be estimated using Darcy's law:

KA
my,(y) = ,u_yp Yo, (Forced external flow) (2.2a)

where m,, (y) is the oxygen flux at depth y. K is the permeability of the porous fuel,
which is related to properties such as material porosity and pore shape. u is the dynamic
viscosity of the gas, influenced by factors like gas temperature, concentration, and com-
position. Yy, is the mass fraction of oxygen in the gas. Ap is the pressure difference be-
tween depth y and the fuel surface caused by the external forced flow. In the scenarios of
forced internal flow (Fig. 2-1d), the oxygen supply obtained by the smouldering reaction
is directly controlled by the gas flow rate:

Moy = PpgYo, U (Forced internal flow) (2.2b)

where 1, is the oxygen flux within the pores. 1 is the porosity of the porous fuel. pg is

the density of the incoming gas. U is the gas flow velocity.
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Fig. 2-1 Two different oxygen supply scenarios of smouldering combustion: natural diffusion
(a); forced horizontal external flow (b); forced vertical external flow (¢); and forced internal

flow (d).
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Based on the fundamental smouldering oxygen supply models discussed above, sev-
eral existing experiments and numerical simulations at different scales have explored the
oxygen supply limits of smouldering. In the following section, current research methods

and results will be reviewed respectively.

2.1.2 Current methodology

Currently, experiments are the primary approaches for exploring the oxygen supply
characteristics of smouldering combustion, which can be categorised into micro- and
small-scale studies based on the experimental scale. However, to date, no studies have
investigated the effects of critical oxygen conditions for smouldering through field com-
bustion experiments. This is because such experiments require strict control of oxygen
supply conditions, and it’s challenging to avoid the influence of environmental wind dur-

ing on-site field tests.

Micro-scale experiments primarily include methods based on TGA, electron spin res-
onance (ESR), and their couples with Fourier-transform infrared spectroscopy (FTIR) to
explore the kinetics mechanisms of pyrolysis and smouldering. TGA analysis is an im-
portant approach for studying pyrolysis chemistry in combustion and fire (Christensen et
al. 2019). In these experiments, milligram-level samples are placed in a controlled oxygen
concentration environment, and a controlled temperature ramp is provided (Fig. 2-2) to
obtain the fuel mass loss curve at different temperatures. This is often coupled with FTIR
to analyse gas emissions (Anca-Couce et al. 2012; Cancellieri ef al. 2012). In TGA anal-
ysis, mass loss curves under air and inert atmospheres are typically compared to infer the
oxidation reaction rates at different oxygen concentrations, thereby determining whether
smouldering reactions occur. The ESR method is used for reaction analysis at the molec-
ular scale. By measuring the area of the spin resonance spectrum, it indirectly quantifies
the concentration of free radicals in the fuel under specific oxygen environments, thus

inferring the likelihood of combustion reactions occurring (Zhou et al. 2021).

11



@ Emission (b) Data record (c)

boA P )
v 18 mm F O/~ ] -
FE
Temperature Control » s a:'E e é =

Sample (~3 mg)

—
C\
Ra
A
/
m
3
&
Z
N

K-type

Burning

< =
thermocouples =) [~ Char
A 4 » Unburned
. 2
3
. g
Mass loss

+ 4 Oxygen control Gas. 3
H homogenizer -

®

(d) Emissions
z

1

Thermal insulator

Coil igniter (z=0)

Char layer R

© Thermocouples (TCs)

Mesh
Gas Homogenizer

White: burning
Gray: unburned
Black: burnout

Fig. 2-2 Current representative experimental and computational setups on smouldering oxygen
supply limits.

Methods for small-scale research on smouldering have been systematically elaborated
previously (Christensen et al. 2019). However, small-scale experimental studies on the
critical oxygen supply characteristics of smouldering typically require introducing an ox-
ygen supply system capable of controlling flow rate and concentration based on the orig-
inal experiments. External forced oxygen supply experiments usually direct the oxidiser
onto the fuel surface (Fig. 2-2b) (Kadowaki et al. 2021), or utilise standard fire testing
methods based on the Fire Propagation Apparatus (FPA) to provide external forced con-
vective oxygen supply and control radiant ignition power (Fig. 2-2¢) (Hadden et al. 2013).
Nevertheless, this approach makes it difficult to determine the actual amount of oxygen
reaching the smouldering front within the porous fuel and cannot eliminate the influence
of natural oxygen diffusion at the surface of the fuel container. Therefore, small-scale
experiments often employ internal forced oxygen supply methods, directly measuring the
total oxygen supply introduced into the smouldering system using a flow meter (Fig. 2-2d)

(Qin et al. 2024).
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In small-scale experiments, oxidiser flows of various concentrations are usually ob-
tained by mixing pure air with nitrogen or argon gases. To ensure the uniform flow of the
mixed gases within tubular containers, gas homogenising layers composed of metal mesh,
glass beads, or gravel are typically installed at the inlet or before the gases enter the con-
tainer. For near-limit critical smouldering experiments, precise control of ignition proto-
col is also crucial for exploring the critical oxygen supply conditions. Common ignition
methods in small-scale experiments include radiant ignition (Hadden et al. 2013), varia-
ble power coil ignition (Qin ef al. 2022b, 2024), and heated rod ignition (Yan and Fujita
2019). Different ignition methods can achieve various smouldering ignition intensities by
controlling the applied radiation intensity (radiant heat flux) or the conductive tempera-
ture of the metal igniter. In addition to directly observing combustion phenomena, ther-
mocouples and infrared cameras are also commonly used to detect temperatures, indi-
rectly inferring whether the current oxygen supply conditions are sufficient to sustain
smouldering. In terms of large-scale experiments, there are very few large-scale experi-
mental studies on smouldering combustion and fires in the literature due to the challenges
in monitoring and extinguishing smouldering fires. The existing largest study is the
GAMBUT experiment conducted in Indonesia (10 m x 10 m) (Santoso et al. 2022). How-
ever, it is difficult to effectively control environmental wind in natural settings to explore
the impact of oxygen supply. Therefore, such studies only focus on the ignition, propa-

gation, extinction, and emission dynamics of smouldering fires.

Numerical simulations of the oxygen supply characteristics of smouldering are rela-
tively limited and can be categorised into physical models based on heat and mass transfer
and statistical models using discrete event simulations. A typical 1-D smouldering phys-
ical model is shown in Fig. 2-2e, which has been used to simulate ignition, fire spread,
and extinction in smouldering (Huang et al. 2015; Lin et al. 2022a). This model includes
heterogeneous chemical reactions and heat and mass transfer processes between the gas
and solid phases within a porous medium. It assumes thermal equilibrium at the same
location in the system, that is, efficient heat exchange within the porous medium, where
the gas and solid phases share the same temperature within the same grid cell. The main
governing equations in the model are consistent with those used in the open-source soft-
ware Gpyro (Lautenberger and Fernandez-Pello 2009), including the conservation of (2.3)

mass, (2.4) species, and (2.5) energy in the condensed phase, as well as the conservation
13



of (2.6) mass, (2.7) species, and (2.8) momentum (Darcy’s law) in the gas phase.
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In addition to traditional physical models, discrete statistical models based on Cellular
Automata (CA) have also been used to study the critical oxygen conditions for smoulder-
ing combustion Fig. 2-2f (Belcher et al. 2010). CA consist of a large number of regular
units, and they exhibit complex global behaviour by simulating local interactions between
adjacent cells (Wolfram 1983). CA models have been widely applied not only in natural
system simulations, image processing, and crowd behaviour modelling, but their charac-
teristic of “neighbour cell interactions” also makes them highly suitable for simulating
fire spread phenomena. For example, existing smouldering CA models have already
achieved simulations of smouldering fire spread under varying MC (Purnomo et al. 2023,
2024), field-scale simulations (Purnomo et al. 2021), and complex fire spread behaviours
such as fingering spread (Fernandez-Anez et al. 2019). In the study of critical oxygen
conditions based on CA (Belcher et al. 2010), a grid of 50 x 50 cells is first established,
where each cell can be in one of three states: “unburned”, “burning”, and “burned out”.
The model also includes two parameters: the local fire spread probability f and the local
fire extinction probability u. Through extensive simulations with random values of these
two parameters to compare with experimental results, the optimal parameter choices are

finally determined, and the model's applicability is validated.

Table 2-1 summarizes the micro-scale and small-scale experimental and simulation
studies in the existing literature related to the critical oxygen supply characteristics of

smouldering combustion, including the fuel types, configurations, and oxygen supply
14



modes.

Table 2-1 Experimental information on the LOC of smouldering combustion, sorted by fuel

type and study scale.

Fuel Con.ﬁ gura- Study Oxygen supply LOC Ref. Remarks
tions type mode
Disclosed Forcegoeviternal H:td:lilen Burning rate
cylindrical . . after ignition
Small-scale concentration o 2013 .
Peat reactor, . o 10% is independ-
H=30 mm experiment 9-35% (Hadden ent of exter-
D=125 mr;1 fixed flow rate etal nal heatin
20-150 mm/s 2013) &
H;lririlg Relationship
Diffusion un- Rein. bitatvilzf(n 0211:1_
1D mode, Numerical der different 2016 y&e
Peat . . . 13% concentration
H=12 cm simulation oxygen con- (Huang o
. and critical
centration and
. water content
Rein of fuel
2016a)
Belcher Verification
Simulation Numerical Diffusion un- et al. based on
domain 10 ;e der different 2010 combustion
Peat simulation 16% .
% 10 cm, (CA) oxygen con- (Belcher  rate and time
grid 50 x 50 centration etal in experi-
2010) ments
Disclosed F orceg internal Wang et Relanonihlp
. square reac- oW al. 2017 between lim-
Pine d tor Small-scale concentration 59 (Wan iting concen-
dust H=12 ,cm experiment 5-21% ’ eta lg tration and
B ’ fixed flow rate ) external heat-
1=3.8 cm 2017a) .
15 mm/s ing
Ka- Quenching is
Forced external dowaki due to the
Moxa Fuel rod, Small-scale flow o ctal hrpltqd char
- . . 13.5% 2021 oxidation rate
rod D=18 mm experiment Fixed flow .
181/min (K.adow in the ab-
akietal.  sence of oxy-
2021) gen.
Exp: Forced
external flow Richter
Dimension Small-scale concentration et al. LOC is af-
Wood 3 x8x3 experiment + 0-21% 4% 2021 fected by ex-
brick om Numerical flow rate: (ig.) (Richter ternal radia-
simulation 200L/min etal tion intensity
Sim: natural 2021)
diffusion
Paper D1§010§ed Small-scale Forced internal Yan. .and Influence of
cylindrical . N. A. Fujita, )
scraps experiment flow density and
reactor, 2019
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H=15 mm, Concentration (Yan heating rod
D=20 mm 21% and temperature
Max. flow rate Fujita
18 cm/s 2019)
Forced external Determining
. flow Zhou et th§ oxygen
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2.1.3 Findings from existing studies

In small-scale studies, it is challenging to experimentally explore the critical oxygen
concentration under natural diffusion. Therefore, the limiting diffusive oxygen supply is
usually solved by numerical simulation. One study on wood blocks identified the oxygen
concentration ranges required for pyrolysis, smouldering, and flaming under different
heat fluxes (Fig. 2-3a): <4% for pyrolysis, 4-15% for smouldering, and >15% for flaming.

It is important to note that the smouldering limits this study only focuses on ignition phase.
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Fig. 2-3 Transitions from pure pyrolysis to smouldering, then to flaming by increasing oxygen

concentration (a); Critical moisture content vs. critical ambient oxygen volume fraction (b).
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Another computational study based on physical model also identified the relationship

between the critical oxygen concentration (Xp,) and the critical moisture content (MC™)

(Huang and Rein 2016a) (Fig. 2-3b). The results indicate that as MC increases, the critical
oxygen concentration for smouldering ignition and fire spread rises significantly. Com-
pared to flaming combustion, smouldering can sustain under higher fuel MC (with a con-
ventional oxygen concentration of X,, =21%, the MC™for smouldering reaches up to
100%, while for flaming it is only 40%) and lower oxygen concentration (smouldering
Xo, =13%, flaming 16%). However, CA simulations yielded higher results: it showed

that smouldering reactions are suppressed at oxygen concentrations below 18.5% and
completely cease at concentrations below 16%. The study also re-assessed Earth’s flam-
mability limits over the past 350 million years based on these findings (Belcher et al.

2010).

Furthermore, there is a study employed an internal forced oxygen supply model in
smouldering pine sawdust (Wang et al. 2017a). It found that the critical oxygen concen-
tration required for smouldering is related to external heating. Self-sustained smouldering
can only be initiated when the oxygen concentration is between 10% and 21%. When the
oxygen concentration decreased below 7.5%, sustaining smouldering combustion re-
quires additional external radiant heating. At oxygen concentrations of 5% or lower,

smouldering cannot occur, even with the assistance of external heating.

Studies under forced external supply is found to have critical oxygen concentration
than that observed with internal oxygen supply. Representative studies include directly
applying airflow to the surface of ignited fuel (Kadowaki et al. 2021) (Fig. 2-2b) and
using the FPA to control ignition intensity and oxygen supply conditions (Hadden ef al.
2013) (Fig. 2-2¢). These studies determined critical oxygen concentrations of 13.5% (Fig.
2-4a) and 10% (Fig. 2-4b) for external forced oxygen supply. Similarly, both studies
found that char content was higher in quenched fuel when oxygen concentration was in-
sufficient (Fig. 2-4b), indicating that the limited char oxidation to release sufficient heat
is the primary reason for smouldering extinction. As the oxygen concentration increased,
both experiments observed higher fire spread rates, burning temperatures, and fuel mass
loss rates. The study in smouldering peat also revealed that the duration of smouldering
decreased as oxygen concentration increased (Hadden ef al. 2013). This helps explain the
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phenomenon of persistent smouldering fires in deep underground peat layers.
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Fig. 2-4 Critical oxygen supply under forced external flow of moxa rod (~13.5%) (Kadowaki et
al. 2021) (a); and peat soil (~10%) (Hadden et al. 2013) (b).

Although there are relatively few studies on critical oxygen supply rates in the litera-
ture, it plays important role in the ignition and extinction of smouldering combustion. The
critical oxygen supply rates can be influenced by both fuel properties and environmental
conditions. A study on smouldering ignition in paper scraps found that in low-density
fuel, there is sufficient oxygen within the gaps of the porous material during ignition. As
aresult, ignition can occur successfully even without additional oxygen supply. However,
excessively high airflow rates can enhance internal convective heat loss, leading to failed
ignition (Fig. 2-5a). When the fuel bulk density (p;) increases, oxygen supply becomes
the primary factor controlling ignition success, as shown by the U-shaped trend in Fig.

2-5 b-¢, where ignition fails both under insufficient oxygen supply and excessive airflow

rates.
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Fig. 2-5 Effects of ignition temperature and air flow rate on ignition behaviour in the smoulder-
ing ignition experiment of wastepaper with different densities (Yan and Fujita 2019).
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The influence of environmental conditions on the critical oxygen supply rate for
smouldering is primarily reflected in the heat loss at system boundaries (Carvalho et al.
2002; Torero et al. 2020). However, no previous studies have systematically explored the
impact of boundary heat loss on the smouldering oxygen supply limit. Additionally, grav-
ity and buoyancy may also influence smouldering in porous fuels. One study used poly-
urethane foam as fuel, and compared the results of forced flow tests under normal gravity
with those in microgravity (Bar-Ilan et al. 2004). The results showed that under normal
gravity, self-sustained propagation required approximately 0.5-0.8 g/m?-s of air mass flux.
In contrast, this critical air mass flux decreased to 0.3 g/m*-s under microgravity condi-
tions. This is due to the removal of gravity reduces buoyancy-driven heat loss, allowing

smouldering to be sustained under lower oxidation rates.

In summary, even though numerous experimental and numerical studies have ex-
plored limiting oxygen supply characteristics in near-limit smouldering, most have been
conducted under quiescent ambient conditions or with external wind, which cannot com-
pletely isolate oxygen diffusion from the surroundings. This has led to knowledge gaps:
(1) the fundamental research problem of the actual minimum oxygen rate required to sus-
tain smouldering remains unclear. (2) the roles of fuel properties and environmental con-
ditions are still not well understood. (3) Even for the same fuel, varying values of LOC
are reported due to different setup and boundary conditions. Hence, further systematic

investigation in smouldering oxygen thresholds is required.

2.2 Wildfire emissions and chemical transport models

2.2.1 Overview of global wildfire emissions

Smoke from wildland fires comprises a complex mixture of particles (e.g., PM»35s),
CO, volatile organic compounds (VOCs), and other toxic substances that pose significant
threats to human health. Notably, nearly half of the global population (3.5 billion) resides
in WUI areas (Schug et al. 2023), where residents live near flammable landscapes. This
increases the number of individuals exposed to wildfire smoke, elevating the risk of both

acute and chronic health issues. It is estimated that 2.18 billion people were exposed to at
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least one day of significant wildfire air pollution annually during 2010-2019, with an
average global exposure of 9.9 days per person per year, which rose by 6.8% and 2.1%
compared to 2000-2009, respectively (Fig. 2-6) (Xu et al. 2023). Vulnerable populations,
including children, the elderly, pregnant women, and those with pre-existing respiratory
or cardiovascular conditions, are particularly susceptible to the adverse effects of smoke
inhalation (Rappold et al. 2017). Acute exposure can result in respiratory distress, eye
irritation, and exacerbated cardiovascular problems, while long-term exposure may lead

to premature death and elevated mortality rates.

Moreover, wildfire smoke can remain stable in the atmosphere and undergo long-
distance transport, leading to transboundary haze events that impact regions far from the
original fire sources. Regions affected by those notorious events span across the globe,
from tropical Southeast Asia to the Arctic Circle (Aouizerats et al. 2015; Silver et al.
2024). For example, during the 2006 El Nifio event, 21% of the total aerosol in Singapore
was originated from fire activities in Sumatra, Indonesia (Silver et al. 2024). In longer
temporal and spatial scales, it is estimated that between 2001 and 2014, 17% of BaP
(Benzo(a)pyrene, the most toxic polycyclic aromatic hydrocarbons) concentrations in
Southern Europe could be traced back to sources in Africa (Wu et al. 2022). The trans-
boundary haze caused by smoke from these fires not only results in severe health impacts
on the residents from the source and affected countries, but also leads to severe economic

burden, psychosocial costs and geopolitical tensions (Quah 2002; Du et al. 2024).
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Fig. 2-6 Global distribution of mean annual Burned Area (BA) from 2001 to 2020 (Data source:
GFEDS in Chen et al. 2023b) (a); and Global distribution of mean fire-sourced PM, s concentra-
tion from 2000 to 2019 estimated by model (Data source: Xu et al.. 2023) (b).

21



2.2.2 Emission sampling and emission factor calculations

Gaseous toxic emissions from wildland fires often concern CO, nitrogen oxides (NOy),
hydrogen cyanide (HCN) and VOCs. FTIR and Proton transfer reaction mass spectrom-
etry (PTR-MS), and Gas chromatography with mass spectrometry (GC-MS) are most
common monitoring instruments, depending on the specific species and monitoring sce-
narios. Among them, FTIR can detect a broad spectrum of trace gases by measuring their
infrared absorption spectra and provide real-time data without much sample preparation
procedures. Therefore, it is developed for field in-situ measurement as airborne FTIR
(AFTIR) (Yokelson 1999; Goode et al. 2000) and ground-based mobile FTIR (Christian
et al. 2007). However, the accuracy (ppmv level) is lower than the other instruments and
it is challenging to analyse complex organic mixtures with FTIR. PTR-MS can analyse
real-time VOCs emissions with high sensitivity (pptv level), but the species are limited
to VOCs despite coupling with other instruments (e.g., GC) (Karl et al. 2007; Y okelson
et al. 2007). GC-MS is capable of analysing complex mixtures, but the samples should
be volatile and thermally stable. In addition, Chemiluminescence (CL) is also used to
analyse gaseous emissions such as NOx and ozone (O3). More comparisons and range of

applicable gases are further summarized in Table 2-2.

Table 2-2 Comparison of common monitoring equipment for fire gas emissions

Feature FTIR PTR-MS GC-MS CL
. Proton transfer GC separation, . .
Principle IR absorption ionization, MS  MS identifica- Light erssion f rom
spectra . . chemical reactions
analysis tion
Non-destruc- Real-time, High sensitiv-  Real-time, high sensi-
Advantages tive, versatile high sensitiv- ity specificit tivity. soecificit
samples ity Y, Sp y Ay y
Disad- Relatively low Limited to Time-consum-  Limited to specific re-
vantages detection limits VOCs ing actions
ApPllcable CO, HCN, NH3s, VOCs CO, VOCs, NO,. O, efc.
toxic gases SO,, etc. etc.

In addition to toxic gaseous emissions, aerosols such as PM also have a significant

impact on human health, making them worthy of attention. Gravimetric and optical meth-
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ods are two basic measurement principles of PM emissions (Cui ef al. 2023). The gravi-
metric method uses cascade impactors to collect and categorize PM by their size. For
example, when the flue smoke with a fixed flow rate passes through cascade impactors,

the PM can be classified as PM; (aero-dynamic diameter < 1 pum), PMa2s, PMjo, and

other PM sizes. This PM measurement method is portable and cost-effective, but it cannot
perform continuous monitoring of smoke. In contrast, the optical method can provide
real-time mass fraction concentrations including PMi, PMzs and PMjo. It is based on
principals of light scattering, absorption, and extinction. For example, photometers, inte-
grated nephelometers, and optical particle counters are three most common instruments
based on optical method (Shukla and Aggarwal 2022). It is important to note that optical
scattering instruments are highly sensitive to slight changes in scattering angle, particle

size or shape, and particle refractive index (Hinds and Zhu 2022).

Based on its definition, the Emission factor (EF) (g/kg) of species i is calculated by

mass flux of emission generation and fuel mass loss rate:

EF, = — (2.9)

where ;" (g/s) is the emission flux of species i and "’ (kg/s) is the burning mass loss

rate or fuel consumption rate of the dry fuel.

However, fuel consumption rate is difficult to be determined in some situations (e.g.,
measurement at real fire scenes). Therefore, a carbon balance method was proposed to
approximate EFs of each emission (Eq. 2.10) (Ward and Radke 1993; Paton-Walsh et al.

2014), especially when the fire smoke contain the majority of the carbon from fires.

MM; C;
EF; = F. x 1000 (g/kg) X —— X — (2.10)
12 Cr

where F. is the fractional carbon content of the fuel, MM; is the molecular mass of species
i, 12 is the atomic mass of carbon, and C;/Cr is the number of moles of species i emitted
divided by the total number of moles of carbon emitted, which can be further determined

by Eq. 2.11:
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G Al
Cr Xj- (NG x A

(2.11)

where A[i] and 4[] are the excess mole fractions of species i and j respectively (defined
as the mole fraction, e.g. [i] measured in the smoke, minus the mean background mole

fraction measured before the fire [i]packgrouna)> NC;j is the number of carbon atoms in

compound ;j and the sum is of all carbon-containing species emitted by the fire (Paton-

Walsh et al. 2014).

2.2.3 EF of major fire emissions

Fig. 2-7 summarizes current laboratory and field studies that measure the EFs of flam-
ing and smouldering wildland fires. The fuels are categorized as grass (including savanna),
forest litter (e.g., pine needles, truck, branches, etc.), peat, crop (e.g., rick straw, wheat
straw, etc.), and shrubs. The classification of fuel regions is according to 14 regions in
GFED (Giglio et al. 2013). The literature on EF-related data shows a greater number of
studies conducted under controlled laboratory conditions compared to measurements
taken real wildfire scenarios. Additionally, these studies are particularly concentrated on
two types of fuels: forest litter and peat. Regardless of laboratory or field study, wildland
fuels from Temperate North America (TENA) have received the most attention. The re-
ported number of EF measurements from TENA region exceeds the total from all rest
other regions, indicating a higher level of concern about wildfire emissions in this region.
In terms of combustion forms, the number of EF reports associated with smouldering
combustion is comparable to those associated with flaming combustion. It is worth to
note that if the combustion form is not clearly stated in the literature, we classify it based

on the associated Modified Combustion Efficiency (MCE) Eq. 2.12:

A[CO,]

MCE = 7rc01 + a[c0,]

(2.12)

where A[CO,] and A[CO] are the fire-integrated excess molar mixing ratios of CO2 and
CO (Urbanski 2013). Specifically, MCE values greater than 0.9 indicate flaming com-
bustion, while values below 0.9 indicate smouldering combustion. In terms of emission
types, the overall number of EF reports on gaseous and particulate emissions is compara-

ble. Among gaseous emissions, CO and CO> receive the most attention, followed by CH4
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and NOx. In studies related to PM, PM; 5 is the primary focus. Many aerosol-related stud-

ies report more details on BC, organic carbon (OC), and elemental carbon (EC).

Grass
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litter BONA £H
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HCN.

NOx
ENA 764
PM 1.
Peat
PM2.5
PM1080
AUST TPM
BOAS Smouldering particulate g
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Fig. 2-7 Alluvial diagram of reviewed 42 wildland fire emission studies. The size of nodes re-
flects the frequency reported in the literature. Fuel region is referred to as in GFED regions:
EQAS, Equatorial Asia; EURO, Europe; SHAF, Southern Hemisphere Africa; BONA, Boreal
North America; TENA, Temperate North America; AUST, Australia and New Zealand; BOAS,
Boreal Asia; CEAM, Central America; SEAS, Southeast Asia; SHSA, Southern Hemisphere
South America; CEAS, Central Asia (Giglio et al. 2013).

Table 2-3 shows major gaseous and particulate emissions from wildland fuels in la-
boratory experiments (Christian et al. 2003; Chen et al. 2007; linuma et al. 2007
McMeeking et al. 2009; Burling et al. 2010; Yokelson et al. 2013; May et al. 2014;
Stockwell et al. 2014; Black et al. 2016; Chakrabarty et al. 2016; Santiago-De La Rosa
et al. 2018; Watson et al. 2019; Hu et al. 2019b; a; Lestari et al. 2020; Nim et al. 2023;
Garg et al. 2024), and field measurements (Ferek et al. 1998; Yokelson et al. 2003, 2007,
2011, 2013; Sahai et al. 2007; Dhammapala et al. 2007; Alves et al. 2010; Janhall et al.
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2010; Burling et al. 2011; Urbanski 2013; Vicente et al. 2013; Geron and Hays 2013;
Robertson et al. 2014; Zhang et al. 2014; Stockwell et al. 2016; Nara et al. 2017,
Desservettaz et al. 2017; Roulston et al. 2018; Guérette et al. 2018; Jayarathne et al. 2018;
Li et al. 2020; Aurell et al. 2021; Urbanski et al. 2022; Tomsche et al. 2023; Lestari et al.
2024). The results are presented as average EF (with standard deviation) for each fuel

type, including crop, forest litters, grass, peat, and shrub.

Table 2-3 Comparison of laboratory and field measurement results of EFs for major fire emis-

sions from the literatures (the standard deviation is in brackets).

Fuel Crop Forest litters Grass Peat Shrub
?gl;kg) Lab Field Lab Field Lab Field Lab Field Lab Field
co 80.76 5725 goge 1131 68.7 1155 18324 27897 665 73.98
(50.61)  (2069) (6257 (7256) (4397 (692)  (87.56)  (52.68)  (32.5) (18.08)
co, 153362 1731 13225 15695 1656 1595.6  1327.9 1567.58 16889 1670.1
(2854)  (4326) (as6.6) (20785 (2327) (160.9) (2558)  (80.86) (1284) (41
337 3.77 6.58
L eaae 22 3D
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2.55 1.33 1.0 1.36
NI 0.47 097074 O49 5.66 3.03 0.97
@19 s 008 (g 021)  (5.85) 0.98)  (0.84) (12)
HCN 0.87 037 0.39 0.42 0.16 0.53 491 5.39 0.1 0.69
o : 0.46)  (0.23) o o (3.69) (143)  (0.09) ©02)
1.56 2.7 231 1.83
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Among the emissions from wildland fires, substances such as CO, NHs, Polycyclic
Aromatic Hydrocarbons (PAH), VOCs, and PM have the adverse impact on public health.
In all types of fuels, CO emissions from peat fires have been observed to be significantly
higher than estimated values in both laboratory and field measurements (Fig. 2-8). This
is because the dominant combustion mode of peat is smouldering, which is a typical form
of incomplete combustion, resulting in a large amount of CO. MCE of smouldering is
typically below 0.9. In terms of other EFs, both VOCs and other trace gases have rela-

tively low EF values (Table 2-3), and the exposures in real fires are generally below the

acceptable level (Reisen et al. 2006).

Fig. 2-9a provides a comparison of the differences between current results from la-
boratory field measurement across all natural fuels under similar MCE conditions (dif-
ference < 0.02). It shows that, despite the limited data available for comparison, the lab
results can effectively represent the field PMa s emissions measurement (EFpp2 5 fieta =

1.1 EFPMZ.S_lab —5.87 , R2 = 097)
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Fig. 2-8 Comparisons of emissions factors of PM, s (a-b), and CO (¢-d) from various fuel

sources in wildland fires.
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Fig. 2-9b further compares PM> s emissions from all types of fuels and combustion
modes against the MCE. The findings indicate that PM2 s emissions are highly correlated
with the completeness of fuel combustion, with a strong linear relationship between EF
PM:5 and MCE. The relationship is described by EFpy,5 = —1166.3 MCE + 1160 ,
with R?=0.9.

a b
Lab vs. Field MCE vs. EF PM2.5
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Fig. 2-9 Comparison of lab and field PM, s emissions under similar MCE conditions (difference
<0.02), with the x and y axes corresponding to lab and field values, respectively (EFpuo2.5 fier
=1.1 EFpm25 1ar - 5.87) (a). The emission factor of PM» s demonstrates a strong linear relation-

ship with modified combustion efficiency (EFpy25s =-1166.3 MCE + 1160). Filled regions show

the 95% confidence intervals (b).

2.2.4 Satellite-based fire emission databases

Satellite observations are a reliable approach to monitoring and estimating fire emis-
sions. In terms of bottom-up approach, satellite can estimate BA and fuel loads, therefore
calculating the total fire emissions by EFs. Fire emissions can also be estimated by fire
radiative energy measurement by satellite sensors, because the relationship between fire
radiative energy and fuel mass combusted is linear and highly significant and Fire Radi-
ative Power (FRP) is well related to combustion rate (Wooster et al. 2005). In addition,
fire emissions can also be estimated by fop-down methods that use the spaceborne light
detection and ranging (LiDAR) to measure the biomass storage and biomass change (Xu

et al. 2021; Liu and Popescu 2022).

Table 2-4 summarizes the current major fire emission databases, namely five bottom-

up approaches based on Moderate Resolution Imaging Spectroradiometer (MODIS) BA,
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fuel load, and emission factors from literature: GEFD4s (Giglio et al. 2013), and its up-
dated version GEFD5 (Chen et al. 2023b), FINN (Fire INventory from National Centre
for Atmospheric Research, U.S.) (Wiedinmyer et al. 2023), GFFEPS (Global Forest Fire
Emissions Prediction System) (Anderson et al. 2024), one databases that based on FRP:
GFAS (by European Centre for Medium-Range Weather Forecasts, ECMWF) (Kaiser et
al. 2012), and two top-down databases, QFED (Quick Fire Emission Database)
(Darmenov and Silva 2015) and FEER (Fire Energetics and Emission Research),(Ichoku
and Ellison 2014) by NASA Goddard Space Flight Centre, which measure both FRP and
Aerosol Optical Thickness (AOT). Two community models based on existing databases
and statistic methods are included: FiITCH (Global fire emission dataset using the three-
corner hat method) (Liu and Yang 2023) and FireMIP (Fire Modelling Intercomparison
Project) (Li et al. 2019). This subsection introduced and compared the most representa-

tive products.

Table 2-4 Satellite-based fire emissions products.

Inventory  Full name Approach  Based on Resolution Reference
GEFD4 Global Fire Emis- Bottom-up MODIS BA daily, 0.25° Giglio et al.,
(4.1s) sion Database (2013)
GEFDS5 Global Fire Emis- Bottom-up MODIS BA monthly, Chen et al.,
sion Database 0.25° (2023)
FINN2.5 Fire INventory Bottom-up MODIS+VIIRS  daily, 1 km Wiedinmyer
from NCAR BA et al., (2023)
GFAS1.2  Global Fire Assimi- Bottom-up MODIS FRP daily, 0.1° Kaiser et al.,
lation System (2012)
GFFEPS Global Forest Fire Bottom-up MODIS+VIIRS  3-hour, ] km K. Anderson
ESESSSIZ?:HI:redIC_ BA, and FWI + et at., (2024)
Y FBF
QFED2 Quick Fire Emis- Top-down  MODIS FRP daily, 0.1° Darmenov and
sion Database and AOT da Silva,
(2015)
FEER1 Fire Energeticsand  Top-down  MODIS FRP daily, 0.1° Ichoku and
Emission Research and AOT Ellison,
(2014)
FiTCH Global fire emis- Statistic Existing data- daily, 0.1° Liu and Yang,
sion dataset bases (2023)
using the three-cor-
ner hat method
FireMIP Fire Modelling In- Multi- Existing data- monthly, 1°  Lietal.,
tercomparison Pro-  model bases L (2019)
oot meroes historical
J & from 1700
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GFED is the earliest global BA dataset that use MODIS data to monitor the BA and
Carnegie-Ames-Stanford Approach (CASA) Model to calculate fuel consumption, re-
spectively.(Giglio et al. 2013; Chen et al. 2023b) The satellite BA data are merged with
active fires from various sensors to monitor the small fires (GFED 4.1s). Furthermore,
GFEDS fuses multiple streams of remote sensing data (including MODIS MCD64A1,
Along-Track Scanning Radiometer (ATSR), and Visible Infrared Imaging Radiometer
Suite (VIIRS) active fire data) to create a monthly BA dataset, which can estimate global
BA that is 93% higher than MCD64A1 and 61% higher than GFED4.1s. However, due
to robustness issues in higher resolutions, GFEDS is still on a 0.25-degree grid, and the

small fires are detected by active fire data.

Fire Inventory from NCAR (FINN) is another widely used fire emission product
which estimates emissions by multiplying BA with fuel consumption per unit BA, similar
to GFED. However, the BA in FINN is estimated from actives and scalars factors,
whereas GFED is based on mapped BA. The spatial resolution of FINN (1 km) is much
higher than GFED (0.25-degree).

In addition to BA-based methods, global fire emissions are also estimated by fire
power. One representative product is the GFAS, which assimilates FPR observations
from the MODIS sensors onboard the Terra and Aqua satellites (Kaiser ez al. 2012). The
fire radiative power is linked to the dry matter combustion rates and aerosol emission
rates, which were used to calculate the fire emissions. It can estimate forty species (in-
cluding CO, CO,, PM2 s, etc.) by FRP and EFs from literature for five land cover classes
(savannas, agriculture, tropical forest, peat, and extratropical forest)(Andreae 2001;

Christian et al. 2003; Akagi et al. 2011).

2.2.5 Atmospheric chemistry modelling

The impact of wildfire emissions on human health constitutes a long-term process.
Therefore, comprehending the evolution and transportation of smoke in the atmosphere
is crucial for evaluating the health implications of fires. Meteorological conditions can
influence the emission of chemical constituents into the atmosphere, as well as subse-
quent chemical reactions, transport, and removal processes (Zheng et al. 2015). Many

atmospheric chemistry models have been developed to couple the regional meteorology
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data (e.g., wind, temperature, and moisture) with emission inputs of source, girded, and

inventory data.

One of the most widely used models is GEOS-Chem, a global 3-D model of atmos-
pheric composition driven by assimilated meteorological observations from the Goddard
Earth Observing System (GEOS) of the NASA Global Modelling and Assimilation Office
(GMAO). Basically, it is driven by NASA GEOS meteorological data and simulates the
evolution of atmospheric composition by solving the system of coupled continuity equa-
tions for an ensemble of m species (gases or aerosols) with the following concentration

vector n = (ny, ..., Ny,)7 (Martin et al. 2022):

on;
a_tl: —V-(n)+P,(n)—L;(n) +E;—D; i€ [1,m]. (2.13)
where U is the wind vector (including sub-grid components parameterized as boundary
layer mixing and wet convection); P; (n) and L; (n) are the local production and loss
rates of species i from chemistry and/or aerosol microphysics, which depend on the con-

centrations of other species; and E; and D; represent emissions and deposition.

Table 2-5 Atmospheric models for pollution chemistry transport modelling.

Model Full name Developer

GEOS-Chem Goddard Earth Observing System-Chem-  Harvard University, Wash-
istry transport model ington University

WRF-Chem Weather Research & Forecasting cou- NOAA/ESRL
pled with Chemistry

CMAQ Community Model for Air Quality US EPA

CESM (CAM-Chem) Community Earth System Model 2 NCAR

GEFS-Aerosol Global Ensemble Forecast System - Aer- NOAA

osols
UFS Unified Forecast System NOAA
CALPUFF CALPUFF dispersion model TRC

In addition, the GEOS-Chem High-Performance version (GCHP) is designed for
multi-node massively parallel computation using a message-passing interface (MPI) dis-
tributed-memory parallelization in order to fulfil the requirement of flexibility and scala-

bility for high-resolution applications.(Martin ef al. 2022) WRF-GC model (Lin et al.
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2020a; Feng et al. 2021) is integrated online with the Weather Research & Forecasting
(WRF) meteorological model and GEOS-Chem model. It allows independent updates for
two-parent models and massive parallel computation. Similar global and regional atmos-
pheric simulation models include WRF-Chem, CESM2, GEFS-Aerosol, UFS model, etc
(Table 2-5).

2.3 Health effects of wildfire emissions

PM2: sis always one of the primary hazardous emissions to human health and the focus
of epidemiological investigations (McClure and Jaffe 2018; Aguilera et al. 2021). Con-
centration-response functions (CRF) is often used to estimate the premature mortality
associated with short-term pollutant exposure, which is typically based on Relative Risk
(RR, the relative exposure risk caused by a pollutant beyond the specified concentration,
defined as the mortality rate ratio between exposed group and unexposed group) and Total
excess risk (ER, the total excess risks of multiple pollutants) (Cairncross et al. 2007; Hu

etal. 2015; WHO 2021).

RR = exp(B(C — Cy)) (2.14a)

where RR is described as an exponential relationship, C (mg/m?) is the mass concentra-
tion of air pollutants, C, (mg/m®) is the corresponding threshold concentration of air pol-
lutants, C > Cy, and B is the exposure-response relationship coefficient, representing the
excess risk of health effect (such as mortality) per unit increase of pollutant (e.g., 1 pg/m?
of PMzs). For example, RR = 1 indicates that the pollution has no obvious adverse health
effects. Note that Eq. 2.14a is not the only function of RR. For example, Eq. 2.14b uses a
power-law form to fit the relationship between RR of lung cancer and cardiovascular dis-

ease and PM» 5 exposure.(Arden Pope ef al. 2011; Marlier et al. 2013)

RR =1+ a(dose) B (2.14b)

where a and f are fitting coefficients to be determined by cohort data, dose = (I X (),
which estimates the inhaled PM» s by multiplying the relevant average ambient PM> 5 con-

centrations (C, mg/m®) by average daily inhalation rates (I, m*/day).

For multiple pollutants,
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n n
ER = z ER; = Z(RRi ~1 (2.15)
i=1 i=1

where ER reflects the total excess risks of multiple pollutants, and the excess risk ER;
caused by a specific air pollutant, i is equal to (RR; — 1). The higher the ER value is, the

higher the health risk posed by air pollution, with a value of 0 indicating no risk.

To estimate the long-term exposure effect to PM2s and the attributed burden of dis-
ease, the Integrated Exposure-Response (IER) model is proposed.(Burnett ez al. 2014) It
integrates RR information from various sources of PMa s and developed functions for
causes of mortality in adults: ischemic heart disease (IHD), cerebrovascular disease
(stroke), chronic obstructive pulmonary disease (COPD), and lung cancer (LC). It allows
a more accurate estimation of health risks from different combustion types, including
very high PMb» s concentrations. It has been used to estimate the Global Burden of Disease

(GBD) attributable to ambient air pollution (Cohen et al. 2017).

For example, the GEMM quantifies the relationship between long-term PMa .5 expo-
sure and excess relative risk (Burnett et al. 2018), which has been widely used by research
organizations the World Health Organization (WHO), the World Bank, and the United
States Environmental Protection Agency (EPA). It is based on cohort studies of outdoor
air pollution, encompassing data from 41 cohorts across 16 countries, and then modelled
the shape between PMz s exposure and disease mortality. GEMM can predict higher ex-

cess deaths in low-concentration exposures than GBD risk functions.

The majority of previous epidemiological studies of fire impacts on health have fo-
cused on PM, while others have investigated the roles of O3 (Chen ef al. 2024) and PAHs
(e.g., Benzo(a)pyrene) (Wu et al. 2022). Previous studies have investigated the time scale
of short-term acute effects over days and months, the long-term chronic effects over years,
as well as projections of future impacts (Lou et al. 2023). The spatial scale of these studies
ranges from regional cohort studies to the application of cohort results to assess global

impacts.

A cohort study in a nonurban area of North America revealed the acute influence (5-

day lags) of exposure to peat fire smoke (Rappold ez al. 2011). Significantly, RR increases
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of 1.65 [95% CI 1.25-2.1] for asthma, 1.73 [1.06-2.83] for chronic obstructive pulmo-
nary disease, and 1.59 [1.07-2.34] for pneumonia and acute bronchitis were observed.
They found that asthma-related outcomes from fire smoke were most prevalent, particu-
larly among adult women. They also observed smoke exposure leads to an increase in
emergency department visits for heart failure and is associated with acute coronary syn-
drome. However, this study relied only on aerosol optical depth (AOD) data and did not
account for specific toxic species in the smoke. Another cohort study in North America
evaluates odd ratios (OR) of the short-term health impact of wildfire PMio emissions
(Henderson et al. 2011). Results indicate that for a 30 pg/m? increase in PM1o, ORs were
1.05 [1.03-1.06] for respiratory physician visits, 1.16 [1.0-1.23] for asthma-specific visits,
and 1.15 [1.00-1.2] respiratory hospital admissions. Interestingly, the associations be-

tween wildfire PMio and cardiovascular outcomes were essentially non-significant.

Short-term exposure effects to fire emissions on a regional or global scale have been
investigated with CTMs. One study evaluated the acute health impacts of California wild-
fires from August to October, including the number of hospital admissions, work loss
days, and mortality (Carreras-Sospedra ef al. 2024). It estimates an additional 1,391 hos-
pitalizations, 466 deaths, and 420,661 work loss days over just three months in California.
The primary contributor was PMa s, while O3 was responsible for only a few mortality
cases. Another study, for the first time, systematically explored the health effects of short-
term exposure to wildfire-related O3 across 43 countries from 2000 to 2017 (Chen et al.
2024). Statistical evidence revealed that short-term exposure to wildfire-related O3 is as-
sociated with all-cause and respiratory mortality, but not significantly associated with
cardiovascular mortality (Chen et al. 2024). This may be due to the fact that acute effects
often occur in the respiratory system (e.g., irritation and asthma), while cardiovascular
diseases are typically chronic. Therefore, the effects of short-term exposure on the cardi-
ovascular system are insignificant in this study. Projections of mortality due to short-term
exposure to wildfire-related PM2 s in China from 2021 to 2100 have also been conducted
(Lou et al. 2023). They estimated that deaths attributable to wildfires could reach the peak
in 2021-40, with increases of 28.1% and 38.38% under optimistic and intermediate sce-
narios, respectively. Therefore, a stricter policy for wildfire management is urgently

needed in China.
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Long-term exposure studies focus on the chronic or cumulative effects of exposure
over months to years to fire smoke. Typically, annual-average exposure to wildfire-re-
lated smoke is estimated at a regional scale, (e.g., south-east Asia (Kiely et al. 2020),
Africa (Wu et al. 2022), and South America (Nawaz and Henze 2020)) or on a global
scale (Johnston et al. 2012; Roberts and Wooster 2021). Similar to studies on short-term
impacts, PM2 s remains the most concerning emission from fires, while some research
also focuses on the other persistent organic pollutions (e.g., PAH (Wu et al. 2022)) that
undergo long-term range atmospheric transport. Premature death estimates vary across
studies. For example, one global-scale study estimated that annual deaths due to land-
scape fire smoke exposure between 1997 and 2006 were approximately 339,000
(Johnston et al. 2012), which is much lower compared to 800,000 deaths from urban air
pollution (Cohen et al. 2005) and 1,600,000 associated with household solid fuel use
(Lopez 2006). Notably, the global burden during El Nifo years (1997-1998) was twice
that of La Nina years (1999-2000), with Southeast Asia being the most vulnerable region,
experiencing nearly seven times the impact during El Nifio periods (Johnston ef al. 2012).
A similar study has a higher estimate of global premature death of 677,745 during 2016-
2019 (Roberts and Wooster 2021). The uncertainties are raised from (1) methods in emis-
sion estimate and transport prediction and (2) different CRF functions that are used to
relate the health risk and smoke exposures. This work also highlighted that 44 million
people are exposed to unhealthy air annually, and 39% are children under 5 years among

global fire-attributed premature deaths (Roberts and Wooster 2021).

Fig. 2-10 compares the total number of excess deaths caused by wildfires on a global
scale, as estimated using epidemiological models (Johnston et al. 2012; Roberts and
Wooster 2021), with deaths associated with modifiable risk factors from WHO GBD
2021 report (Brauer ef al. 2024). The results show that wildfire smoke exposure is a sig-
nificant contributor to global mortality, with estimates comparable to those for factors
like high BMI (body-mass index), occupational risks, and high alcohol use. However, due
to the outdated epidemiological models and satellite-derived emission products used in
the estimates, as well as the relatively short time scale of the study, there is an urgent need
for more systematic research. This should involve the application of the latest and most
accurate emission estimates and epidemiological models over longer time scales to better

assess global mortality due to wildfire smoke exposure.
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Fig. 2-10 Estimate of global burden of death due to fire smoke exposure (red and orange
bars),(Johnston et al. 2012; Roberts and Wooster 2021) compared with modifiable risk factors
caused cardiovascular diseases and chronic respiratory diseases (blue bars), as well as direct
death from fire, heat, and substances (pink bar) assessed by the Global Burden of Disease
(GBD) 2021.(Brauer et al. 2024) The definition of each risk factor can be found from Institute
for Health Metrics and Evaluation (IHME) and GBD. Figure adapted from references(Ezzati et
al. 2002; Johnston et al. 2012) (a). Heatmap (b), and scatter plot (c) in logarithmic scale of re-
gional estimates of death due to fire smoke exposure, the mortality rate (estimated death per
million people) is calculated by estimated premature death and regional total population from

World Bank.

Moreover, Fig. 2-10 also compares the annual average mortality rates due to wildfire
smoke exposure across time and spatial scales in different studies, expressed as the num-
ber of excess deaths estimated by the models divided by the total population of the region

in that year. Although there are currently few comparable studies, the overall trend shows
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an increase in wildfire-related deaths worldwide from 1990 to 2020. Notably, the esti-
mated mortality rate for Southeast Asia is significantly higher than in other regions. An
important reason is the higher wildfire risk near the equator, and the persistent smoulder-
ing peat fire in Indonesia and Malaysia are burning at deep layers and extremely difficult
to extinguish (Qin et al. 2022a), continuously contributing to PM emissions. Additionally,
the studies using the latest emission and epidemiological database indicate a higher value.
Future studies on a global scale are needed to better quantify the transboundary health

impacts of regional wildfire smoke exposure.
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CHAPTER 3 Methodology
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3.1 Lab experiments

3.1.1 Fuel samples

In this study, commercially available moss peat was selected as the test fuel to ensure
homogeneity and reproducibility under controlled combustion conditions. While we
acknowledge that tropical peat differs in organic composition, ash content, and pore
structure, the use of commercial peat allows for a more systematic investigation of the
relationships between combustion conditions and emission characteristics. This peat had
a high organic content (OC~97%), a uniform density (128 + 10 kg/m?), and a homogenous
particle size (@, = 0.90 + 0.01), thus ensuring high repeatability of experiments. EA
shows that its mass fraction of C/H/O/N/S is 45.6/6.0/48.0/0.5/0.3%, respectively. Before
the tests, the peat soil was first dried in an oven at 75 °C for 48 h (Huang and Rein, 2017).
The dried peat was stored in the ambient, so it absorbed air moisture and eventually

reached a new equilibrium with a low MC of ~10%, defined as air-dried peat.

To investigate the moisture effect, the dry peat was well mixed with water and left in
sealed boxes for homogenisation for at least 48 h. Note that the peat sample volume
naturally expanded during water absorption, which was also observed in our previous
works (Huang and Rein 2017; Lin ef al. 2019). The TGA of the peat sample was
conducted with a PerkinElmer STA 6000 in both air and nitrogen atmospheres, and the
representative data are shown in Fig. 3-1. The chemical properties of the peat sample are

also summarised in Table 3-1.

Table 3-1 Properties of dried peat used in the experiments.

Bulk Dried Volatile Ash Fixed Heat of
C H (0 C/0 H/O

o) () (o) O O

density moisture  content content carbon combustion
(kg/m?) (%) (%) (%) (%) (MJ/kg)
127.8£10 <10 72.0 3.5 245 13.1 46.1 58 475 097 0.12

Fig. 3-1 shows the thermogravimetric results using PerkinElmer STA6000 under five
oxygen concentrations by mixing air and Na: 21% (air), 10%, 5%, 2% and 0% (N2). In
this study, it exposes 2-3 mg samples to a temperature ramp of 30 °C/min from room
temperature to 800 °C. For each scenario, tests were repeated at least twice to ensure good
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experimental repeatability.

The peat sample used in Chapter 4 was first pulverised into powders and dried at 90
°C for 48 h. The initial mass was around 2-3 mg, and the sample was heated at a relatively
low heating rate of 10 K/min. Fig. 3-1 shows the remaining mass fraction and mass-loss
rate curves of this peat. As expected, the mass-loss rate rapidly increases at about 250 °C,

which could be defined as the pyrolysis temperature.
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Fig. 3-1 TGA results of the peat sample at a heating rate of 10 K/min.

Fig. 3-2 shows the derivative thermogravimetric (DTG) curves of organic peat soils
against the temperatures in different test scenarios in Chapter S. For all tests, the first
mass loss stage below 200 °C is mainly due to the dehydration process, which accounts
for less than 10% of the total mass loss. Basically, except for the drying stage at the tem-
perature below 100 °C, there were two curve peaks with fast mass loss. One peak repre-
sents the pyrolysis process, at around 270 °C where the mass loss rate rises rapidly. In
this process, peat samples absorbed heat and decomposed into pyrolysis gases and char.
It showed that the pyrolysis temperatures of the samples under different oxygen condi-
tions were very close. However, the peak mass loss rate increased as the oxygen concen-
tration increases. It indicated that some oxidation process should also exist in this tem-
perature (~ 320 °C) whose reaction rate increases with the oxygen concentration. With
the temperature rising, the fuel was gradually decomposed, and then, oxidation turns into
the main reaction causing the mass loss. It is worth noting that oxidation reaction was
observed at any oxygen concentration (excluding N> without any oxygen) in this study.
That is, smouldering can occur under extremely low oxygen concentration (below 2%).

From Fig. 3-2a, we can also see that reducing the oxygen concentration does not affect
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the final total mass loss unless all oxygen was removed (i.e., pure N> environment). Nev-
ertheless, a lower oxygen concentration will significantly slow down the rates of oxida-

tion and smouldering propagation.
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Fig. 3-2 DTG (a) and DSC (b) curves of peat in various oxygen volume fractions.

Fig. 3-2b shows the amount of heat required to increase the temperature of the sample,
which provides a reference for the temperature reaction that occurs, and the heat released.
Basically, decreasing the oxygen concentration increases the temperature required for the
reaction and decreases the peak exothermic rate of the reaction. The total smouldering
heat of the whole temperature range (up to 800 °C) was calculated to be almost constant
(about 12.6 MJ/kg). Nevertheless, if the maximum smouldering temperature is lower, the

released heat of smouldering will be smaller.

3.1.2 Experimental setup

Fig. 3-3 presents the schematic of the experimental setup. To better study and observe
the in-depth peat fire, the height of the test setup was 100 cm, which is the largest labor-
atory apparatus used for smouldering study. The 1 m peat column was selected as a prac-
tical compromise to simulate prolonged smoldering while ensuring experimental feasi-
bility. Although this setup does not fully capture the maximum burning depths observed
in natural peatlands, it exhibits pronounced vertical gradients in both temperature and
oxygen availability, which are key characteristics of underground smouldering. Due to
limitations in in-situ measurement instrumentation, pressure gradients were not directly
quantified in this study. However, we are currently developing large-scale numerical
models to further investigate the role of pressure-driven oxygen transport in deep smoul-

dering scenarios. The test setup was built of 1 cm-thick insulation ceramic fibreboards
41



due to its low conductivity and non-flammability (Christensen et al. 2019). Similar setups
of smaller sizes had been widely used for past lab-scale peat fire experiments (Benscoter
et al. 2011; Huang et al. 2016; Prat-Guitart et al. 2016a; Huang and Rein 2017, 2019;
Depci and Karta 2018; Lin et al. 2021a). Two layers of aluminium foil were attached to
the outer surface of the insulation board to seal the reactor and reduce the radiative heat
loss due to its lower emissivity (Incropera 2007). The test setup had a large internal cross-
section of 24 cm x 24 c¢m to avoid quenching by the cold wall (Lin and Huang 2021).
Together with the ceramic insulation and aluminium foil, the wall cooling was minimised
and similar to field condition. However, the use of ceramic fibreboard makes it impossible
for the infrared camera to capture the evolution and propagation of the smouldering front

from the side view.

To limit the conductive cooling effect through inserted thermocouples on the smoul-
dering temperature and reactions, thus the spacing and number of thermocouples should
be carefully optimised. Therefore, on the assumption of 1-D smouldering propagation, an
array of K-type thermocouples with a bead diameter of 1.5 mm was inserted into the
reactor from the side wall at an interval of 6 cm to record the temperature and capture the
location of fires. The coil ignitor was inserted into the sample to initiate the smouldering
combustion. A Testo 340 real-time emission sensor was installed 5 cm above the top free
surface to measure the CO emission during the smouldering process. Because of the slow
fire propagation and persistence of the burning process, the time interval for recording
the in-depth temperature profile and the emission of deep peat fire was set to once per

minute.

A 20 cm coil heater was embedded in the peat layers for ignition. In order to initiate
the combustion and form a robust smouldering front, the ignition protocol was set to 200
W for 60 min, which was sufficient to ignite a uniform smouldering fire in wet peat sam-
ples (MC < 150%) (Huang and Rein 2017). The successful ignitions were verified by
thermocouple measurement at the ignition stage. By placing the coil ignitor at different
heights at an interval of 20 cm from the top free surface (0 cm) to the bottom (-100 cm),
the smouldering front can be formed at different depths and free to propagate vertically.
The tests are stopped until all peat has returned to room temperature after 12 hours. For

each scenario, tests were repeated at least twice. With the decreasing ignition position, if
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different fire propagation modes were observed, three or four repeated tests were con-
ducted to ensure repeatability. Our results show excellent repeatability because of the use

of commercial peat soil with uniform density, particle size and organic content (Lin ef al.
2021b).
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Fig. 3-3 Experimental setup for in-depth smouldering peat fire.

Because of no forced flow is provided in this demonstration, the oxygen supply was
mainly from the top open surface. There might be tiny gas leakages from the holes that
were used to insert the thermocouples, which could be detected. Nevertheless, in real peat
fire scenarios, the oxygen can also infiltrate and diffuse to the smouldering zone from the
side. Therefore, such weak lateral gas leakages may make the laboratory tests closer to

the actual peat fire in the field.

Previous small-scale experiment is designed in quiescent ambient of external wind,
which is difficult to quantify the actual amount of oxygen that feed to smouldering front.
To address this, a novel combustion reactor that provide internal forced flow was de-
signed. The schematic diagram of experimental setups which mainly consisted of a dis-

closed tubular smouldering reactor, an ignition system, and an oxidiser supply system, is
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shown in Fig. 3-4. The smouldering reactor was made of 2-mm thick quartz glass with a
depth of 30 cm. The internal diameter of the reactor was designed to be 12 cm to minimise
the quenching effect from the reactor wall (Lin and Huang 2021; Lin et al. 2022a). Mean-
while, a 1-cm thick ceramic insulation layer was attached to the surface of the reactor to
further reduce the environmental heat losses. To homogenise the flow from the bottom, a
steel mesh was placed 3 cm above the bottom of the reactor, and a 5-cm thick layer of
glass beads was poured above the steel mesh. Then, a fresh fuel sample with a constant

height of 20 cm was placed on the glass beads.

An array of five K-type thermocouples (1 mm bead diameter) was inserted into the
fuel with an interval of 5 cm, recording the temperature profiles with a time interval of 1
min. The ignition source was a heating coil placed at the middle of apparatus, fixed at
100 W for 15 min. A forced oxidiser flow was supplied from the bottom end of the reactor,
and the flow rate was controlled by a flow meter with an uncertainty of 5%. A gas outlet
with a diameter narrowed to 1 cm was designed on the top of the reactor to allow the
injection of emission gas and prevent the atmospheric oxygen from entering the reacting
sample. Therefore, the oxygen supply to the smouldering front only came from the forced

oxidiser flow on the bottom.
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3.1.3 Test procedure and controlled parameters

The ignition protocol was set at 100 W for 15 min, sufficient to ignite dry peat and
initiate robust smouldering combustion under atmospheric conditions. Afterward, a 1-cm
layer of insulation cotton was put on the fuel surface to prevent heat loss and flying ashes.
Then, the oxidiser flow with a prescribed Xy, and flow velocity (U) was fed from the
bottom of the reactor. Herein, the oxygen supply rate was defined by the mass flux of

oxygen through the cross-section of the reactor as:
Moy = pgYo,U G.D

where U is an overall value for the cross-section of the reactor rather than a local velocity
in pores; pg is the air density; Yy, 1s the oxygen mass fraction. The relationship between
Xo, and Yy, is given as:
Xo, = pg 22 (3.2)
Po,

The test started with normal airflow (Xo,= 21%). If the smouldering propagation can
self-sustain after ignition, the flow velocity was decreased for another individual case. By
following this procedure of gradually decreasing flow velocity for each individual com-
bustion case, the minimum flow velocity (U,,;,) could be determined. Subsequently, the
value of X, was reduced to conduct tests with fresh samples and find the relationship
between Xy, and Up,;y,. In this work, the oxygen concentration changes from 21% to 2%,
and the flow velocity changes from 0.1 mm/s to 14.7 mm/s. During the experiments, the
ambient temperature was 22 + 2 °C, the humidity was 50 + 10%, and the pressure was
101 kPa. For each scenario, at least two repeating tests were conducted to ensure repeat-

ability.
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3.2 Numerical simulations

3.2.1 Governing equations

The 1-D computational model solved the transient conservation equations for con-
densed and gaseous phases in the absence of gravity, since the gravity and buoyancy ef-
fect inside the porous media of such a small fuel sample played a negligible role (Huang
and Rein 2016a; Lin et al. 2022a). The governing conservation equations were provided
here, including the conservation of (3.3) mass, (3.4) species, and (3.5) energy in the con-
densed phase, as well as the conservation of (3.6) mass, (3.7) species, and (3.8) momen-
tum (Darcy’s law) in the gas phase. All symbols were explained in the Nomenclature, and
more details can be found in Gpyro technical reference (Lautenberger 2014). This model
also assumed the thermal equilibrium between gas and condensed-phase species (i.e., lo-
cal gas and solid species have the same temperature), unit Schmidt number, and the same
gas diffusion coefficient and specific heat for all gas species. For simplification, the air

was assumed to have a constant p, = 1.161 kg/m?, regardless of the oxygen mass fraction
(Yp,) or gas temperature (T,). The effect of sample shrinkage is not included in this model,

since it plays a negligible role in the limiting oxygen supply for smouldering combustion.
More details of the mathematical form of these equations can be found in (Lautenberger

and Fernandez-Pello 2009).

oh__ .-
P i, (3.3)
a(gf) _ wﬂ —6. (3.4)
a(;;ﬁ) N a(r'gjzg) _ % (k Z_Z ) N Z w;;,k AH, (3.5)
a(’;‘i@ +6;le" s (3.6)
a(pg’fm N ao;im _ —%(pgv?u aa_Y> (o, — i) 37)

46



.. Kop _PM 28

3.2.2 Smouldering chemical Kinetics

The heterogeneous chemistry of the pyrolysis and oxidation of pine needles was mod-
elled using a 5-step kinetic scheme with three major components: hemicellulose, cellulose,
and lignin (Rana et al. 2023). The 5-steps included (3.9) drying [dr]; (3.10-3.12) pyrolysis
of hemicellulose, cellulose, and lignin (the typical temperature at ~250 °C, ~300 °C, and

~350 oC, respectively) [hp], [cp], [Ip]; (3.13) char oxidation [co], expressed as:

Water - Water vapor [dr] (3.9

Hemicellulose — Char + Pyrolyzates [hp] (3.10)
Cellulose — Char + Pyrolyzates [cp] (3.11)
Lignin —» Char + Pyrolyzates [lp] (3.12)

Char + 0, —» Ash + gas [co] (3.13)

The normalized destruction rate of condensed-phase species 4 in reaction & follows

the Arrhenius law:

E
o}, = Ziexp (— 20 f (g (Yo,) (3.14)

where Z is the pre-exponential factor, and Ej, is the activation energy. The mass action

function for reactant A:

my \'*
f(m2)=(m2)"k=< ) (3.15)

Msa0

where mg, ( 1s the original mass of the species A, and ny, is the reaction order. The oxi-

dation model considers oxidative pyrolysis as

1 (nk,o2 =0)

9(Yo,) = {(1 FYp) 0 1 (o, # O) (3.16)
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Physical properties of all condensed-phase species were obtained from (Lin et al.
2022b) and listed in Table 3-2, where the subscript s and o represents the solid physical
properties (i.e., Y = 0) and bulk physical properties, respectively. It is worth noting that
compared to fuels with fine particle sizes such as wood dust, pine needle fuel may be
more heterogeneously and unevenly distributed in real scenarios. However, this model
does not consider such factors and treats pine needles as uniform porous media. Therefore,
the effective thermal conductivity in porous media included the radiation heat transfer

across pores as
ki = ks;(1— ¢;) + y;0T? (3.17)

where y is dependent on the pore size (dy,) asy ~ d, = 1/Sp. The permeability (K ~
dpz) of all solid species: hemicellulose, cellulose, lignin, char, and ash, was assumed to

be independent and estimated on the scale of 10712~1071° (Huang and Rein 2016b).
The averaged properties of condensed-phase species in each cell were calculated using

mass- or volume-weighted fractions:

_ Y,
ﬁZZXiPi;kZZXiki'C_ZZYiCi;XiZﬁp—l, (3.18)
L

The kinetic and stoichiometric parameters of the 5-step reactions were also obtained

from (Lin et al. 2022b) (Table 3-3).

Table 3-2 The physical parameters of condensed-phase species

Species (i) Yo () ps; (kg/m?)  po; (kg/md) kg (Wm'K) ¢ (JkgK)
Water 0.05 1000 1000 0.6 4186
Hemicellulose 0.2 782 150 0.2 1500
Cellulose 0.5 694 150 0.2 1500
Lignin 0.25 454 150 0.2 1500
Char 0 500 100 0.05 3000
Ash 0 150 15 0.1 3000
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Table 3-3 Chemical kinetic parameters of 5-step reaction for pine needles

Parameter dr hp cp Ip co
lgZ,(1g(s™1) 8.12 8.2 12.4 14.7 11.9
E, (KJ/mol) 67.8 106 160 236 184
n,(-) 3 1.49 0.95 8.7 1.27
Nyo,(-) 0.252 454 150 0.2 1500
Vg k(kg/kg) 0 0.24 0.27 0.40 0.06
AH,, (MJ/Kg) 2.26 0.2 0.5 0.5 20
Vo, k(kg/kg) 0 0.5 0.5 0.5 1.5

The initial temperature of the fuel was set to 300 K. To simulate the dried pine needles
in the experiments, the MC of fuel was assumed to be 5%, and the component ratio of
was 0.209 (hemicellulose): 0.529 (cellulose): 0.262 (lignin) (Lin et al. 2022b). The heat
transfer coefficient of h, = 10 W /m?K was applied to represent environmental cooling
from top and bottom layer, and the emissivity of biomass was set to 0.95. The specific

heat capacity (c;) was assumed to be 1100 J/kg K for all gas species (Lautenberger and

Fernandez-Pello 2009). A forced oxidizer flow was applied from the bottom of the com-
putational domain. To initiate smouldering, a heat flux of 30 kW/m? was applied on the
top of fuel for the first 5 minutes. A successful smouldering propagation was defined if
the smouldering front can gradually propagate downwards and reach the bottom without
any discernible deceleration of propagation or decrease in temperature (Lin and Huang
2021). To eliminate the influence of inadequate heating on unsuccessful ignition, if no
smouldering propagation occurred, the ignition protocol would be progressively en-
hanced to be 50 kW/m? for 30 minutes. The ambient pressure and temperature were as-
sumed to be 1 atm. and 300 K. The solution started to converge at AZ = 0.1 mm and At
=0.01 s. Further reducing the cell size and time step by a factor of two gave no signifi-

cantly different results, so the calculation was sufficiently resolved.

3.2.3 Model validation with experimental data

Although we have experimentally determined the oxygen-supply limits for peat, these
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data are difficult to use for model validation because they address only one property and
peat’s pore size and dry-bulk density are hard to vary. Therefore, pine needles (see photo
in Fig. 3-5) were used as representative porous media in this work, and they were col-
lected from the larch forest in Saihanwula Biosphere Reserve, China. The natural pine
needle bed had a highly porous structure (¥ = 0.9 + 0.02), and the thermogravimetric
analysis test showed an organic content of > 80% and a mineral content of about 15%.
All pine needles were pre-dried in ovens at 75 °C for at least 48 h, and the MC was con-
trolled below 5%, which was demonstrated to have a negligible effect on smouldering
propagation (Huang and Rein 2015). By compressing the fuel bed, p; ranging from 50 +
10 to 150 + 30 kg/m?® were achieved.
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Fig. 3-5 Experimental setup to explore the oxygen supply thresholds (or smothering limits) of
smouldering combustion, where pine needles were selected as representative porous fuel (a);
schematic diagram of the one-dimensional smouldering model (b); common ignition locations
(top, middle, and bottom ignition protocol) used in the studies of in vertical smouldering propa-
gation (c-e).
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For all tests, as the lateral heat loss was minimized to a negligible level, and ignition
was applied throughout the entire cross-area surface, the whole vertical smouldering
spread can be approximated as a one-dimensional spread process (Qin et al. 2022b).
Therefore, a one-dimensional computational model with the 20 cm sample depth (same
as the experiment, refer to Fig. 3-5a) was established using Gpyro v0.7 (Lautenberger
and Fernandez-Pello 2009). Gpyro is an open-source code for combustible solids, used to
simulate pyrolysis and smouldering in porous media like peat (Lin et al. 2022a), wood
(Richter et al. 2021), PU foam (Lautenberger and Fernandez-Pello 2009), and coal (Yuan
et al. 2019). Initially, the simulation was started with an excessive oxygen supply. If
smouldering can propagate successfully under these conditions, subsequent tests were
conducted with reduced oxygen flow rates. Ultimately, the limiting oxygen supply rate
will be obtained, below which smouldering cannot be sustained. Following this, oxygen
concentrations can be adjusted by changing the ratio of N> to O, enabling further inves-

tigations into the minimum oxygen supply rate under different oxygen concentrations.

3.3 Machine learning predictions

3.3.1 Artificial neural network

The artificial neural network (ANN) is a deep-sequencing data processing model ca-
pable of learning from prior events to identify patterns and generate desired outcomes
(Zou et al. 2009). To improve the generalizability of experimental results and enable pre-
dictive applications, an ANN model was developed to learn the relationship between peat
combustion conditions and fire emissions. This model aims to bridge laboratory-scale
measurements and large-scale emission estimations. The ANN will be further applied in
Chapter 7 to estimate in-situ peat combustion emissions under realistic field scenarios,
and in Chapter 8 to support health impact assessments via atmospheric transport modeling.
This study employs a backpropagation neural network model. It is a multi-layer feedfor-
ward model trained using the error backpropagation algorithm. As illustrated in Fig. 3-6,
the input layer incorporates fuel type, density, combustion mode, test scale, thermal con-
ditions, and oxygen supply. The output layer predicts EFs of three fire emissions: CO,
CO; and TPM.

51



Architecture of the ANN model

Fuel type

Density
Combustion mode
Test scale

Thermal conditions
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Input layer Hidden layers Output layer

Fig. 3-6 Illustration of the proposed ANN model.

For each perceptron shown in Fig. 3-6, the output prediction is based on Eq. 3.19

N
i=1

where X; represents the input from the preceding layer neuron, Wj; is the corresponding
weight of X;, B; is the bias, and h is the activation function. Various activation functions
exist, including sigmoid, ReLU, tanh, and tansig. In this study, the ReLU function was

employed as the transfer function between layers.

The ANN model in this study was implemented using the open-source Python library
Scikit-Learn. Fig. 3-7 illustrates the training process of the WUI-EF model. First, the
database was normalized and randomly divided into an 80% training set and a 20% test
set. The optimal hyperparameters are then selected through a trial-and-error approach
within the training set using k-fold cross-validation, given the database’s limited size.
Cross-validation was employed to mitigate overfitting and serves as a resampling method

for evaluating models with constrained data inputs.

In k-fold cross-validation, the dataset was randomly partitioned into & (5 in this work)
equally sized folds. Each time, one-fold was used as the validation set, while the remain-

ing k-1 folds are used to train the model. This process was repeated k times, ensuring that
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each fold was used for validation once. A root-mean-squared error (RMSE) was calcu-
lated for each iteration, and the average RMSE across all £ iterations was computed. Fi-
nally, the hyperparameters yielding the lowest average RMSE are selected. The model
was then retrained using the entire training dataset with the optimal hyperparameters and

evaluated on the 20% test data.

Dataset

l

Normalization

! ' !
Training Set Test Set

|

k-fold Cross-Validation v .
Restrain Final

l model " evaluation
Best hyper-parameters %

Fig. 3-7 Training flow of the WUI-EF prediction model.
3.3.2 Performance evaluation

The established model was assessed based on the discrepancy between predictions
and actual values. Two evaluation metrics are employed: mean squared error (MSE),

defined in Eq. (3.20) and coefficient of determination (R’) in Eq. (3.21).

N 2

1
MSE = N( (Ypredicted - Yactual)) (3.20)

i=1

N 2
i=1(Ypredicted - Yactual)

R? =1
Z?I:1(Ypredicted - Ymean)z

(3.21)

where Y eqicteq 18 the model prediction, Yg 44 18 the actual output, Yy, is the mean

of target outputs, and N is the number of instances.
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3.4 Earth-scale chemical transport modelling

3.4.1 Emission inventory

This study selected two of the most typical and widely used products: GFED4 (based
on BA) and the GFAS (based on fire radiative power). Combined with emission factors,

both inventories can be the emission input for atmospheric chemical transport modelling.

GFED is the earliest global BA dataset that uses MODIS data to monitor the BA and
Carnegie-Ames-Stanford Approach (CASA) Model to calculate fuel consumption (Giglio
et al. 2013; Chen et al. 2023b). The satellite BA data are merged with active fires from
various sensors to monitor the small fires (GFED 4.1s). In addition to BA-based methods,
global fire emissions are also estimated by fire power. One representative product is the
GFAS, which assimilates FPR observations from the MODIS sensors onboard the Terra
and Aqua satellites (Kaiser et al. 2012). The fire radiative power was linked to the dry
matter combustion rates and aerosol emission rates, which were used to calculate the fire

emissions.

3.4.2 Atmospheric chemistry transport modelling

The full aerosol atmospheric transport and annual average fire-sourced PM> s expo-
sure is estimated using a global chemical transport model, GEOS-Chem. GEOS-Chem is
a widely used CTM that has been applied to estimate the contribution to ambient air pol-

lutant concentrations from a specific emission sector.

This study employs GEOS-Chem v14.4.0, driven by MERRA-2 meteorological fields
from NASA’s Global Modelling and Assimilation Office. The gridded dataset, with a 0.5°
x 0.625° resolution, is publicly available via NASA Goddard Earth Sciences Data and
Information Services (https://disc.gsfc.nasa.gov/). The GEOS-Chem model operates at
the same spatial resolution with 47 vertical layers. Simulations were conducted from
2014-2016 with a six-month spin-up starting from July 2013. PM s in the bottom layer

were taken to represent the ambient PM» 5 concentrations of public exposure.

3.5 Epidemiological model

In this study, we employ the Global Exposure Mortality Model for Five Causes of
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Death (GEMM-5CQOD) to estimate premature mortality linked to PM» s exposure from
smouldering peat fire emissions. GEMM-5COD quantifies the health risk associated with
long-term exposure to PM> s based on a non-linear exposure-response function derived
from extensive epidemiological data (Burnett et al. 2018). The model accounts for five
major causes of death, including Ischaemic Heart Disease (IHD), Lung Cancer, Stroke,
Chronic Obstructive Pulmonary Disease (COPD), and Lower Respiratory Infections
(LRI). The model first calculates excess PM2 5 exposure by subtracting a theoretical min-

imum risk exposure level (TMREL) of 2.4 pg/m? from the ambient concentration:

2[B9] = max (0, PM2s ambient _, , (3.22)
=5
m concentration

where z[ug/m?3] is the excess PM2 s exposure. The exposure-response function (ERF),
I'(z, age), describes the relationship between PM» s exposure and health risk, incorporat-

ing age-specific susceptibility:

In (1 +%)

1+exp(ﬁ7;2)

I'(z, age) = (3.23)

where parameters &, (I, and 7 play roles in building non-linear relationship between
PM: s exposure and health risk. The actual value of &, fi, and 7 is dependent on the age
group and death cause. For simplicity, we use “Group 25+ in this work, instead of the
five-year age groupings for excess mortality estimation across different age segments

provided by GEMM model. Then, the hazard ratio (HR) is computed as

In (hazard

atio ) = (£ 2se)-I'(z age) (3.24)

where 8 represents the estimated exposure-mortality coefficient and se is its standard er-
ror. Combined with baseline mortality data obtained by the latest Global Burden of Dis-
eases, Injuries, and Risk Factors Study (GBD) 2021 analysis (Brauer et al. 2024), the

premature death associated with fire-sourced PMz s exposure can be estimated:

Number of _ 1 _ Baseline (3.25)
deaths hazard | mortality '
ratio
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CHAPTER 4 Persistent

smouldering fires: a lab large

demonstration
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4.1 Introduction

Peat, as a carbon-rich organic soil, accumulates a considerable amount of
incompletely decomposed vegetation residues under anaerobic conditions (Page et al.
2002; Hugron et al. 2013). Peatlands are essential terrestrial carbon pools, storing one-
third of the world’s soil carbon (500-600 Gt C), as much carbon as surface vegetation
globally, and may be of similar magnitude to the atmospheric carbon pool (~850 Gt C)
(Ballhorn et al. 2009; Turetsky et al. 2015). Peat is also a porous and charring natural fuel
that is prone to smouldering fire. Smouldering is a slow, low-temperature and flameless,
and one of the most persistent types of combustion (Rein 2009, 2013) (Fig. 4-1 a-b). Due
to climate change and human activities, peatlands are more prone to large-scale fires than
ever before (Jolly et al. 2015; Witze 2020). Over the past few decades, frequent peat fires
have caused severe ecological and climatic damage, as well as significant economic
losses (Mack et al. 2011; Jolly et al. 2015; Turetsky et al. 2015). For example, in 2019,
the slash-and-burn activities in southeast Asia resulted in mega-scale peatland wildfires
that burned for several months, leading to severe cross-border air pollution and many

health issues for the nearby residents (Normile 2019; Goldstein et al. 2020).

Airflow Surface
spread

Fig. 4-1 Smouldering peat fires from aerial view (courtesy: Reuters 2017) (a); deep peat fire in
the field (courtesy: WV News 2016) (b), lateral and downward peat fire spread after ignition on

top surface (c¢); and upward spread of deep-layer peat fires (Huang and Rein 2017, 2019) (d).
57



Peat can hold a high MC to prevent ignition, but natural and anthropogenic-induced
droughts can dramatically increase the risk of peat fire (Sinclair et al. 2020). Similarly,
the ignition sources of peat fire can also be led by natural (e.g., lightning (Anderson 2002;
Zhang et al. 2020), flaming wildfire (Lin et al. 2019), self-heating ignition (Restuccia et
al. 2017) and volcanic eruption (Svensen et al. 2003)) or man-made reasons (e.g., defor-
estation (Silva et al. 2021), poor land management (Dickinson and Ryan 2010), accidental
ignition and arson (Prestemon and Butry 2005)). In general, smouldering requires less
ignition energy than flaming combustion and can persist in wetter and lower oxygen con-
ditions (Huang and Rein 2016a; Lin et al. 2019), and once ignited, it can propagate ver-
tically and horizontally to expand the burning area rapidly (Fig. 4-1c¢) (Huang and Rein
2019). These fires can burn for months or even years, despite the extensive rain, weather
changes or firefighting operations, thus sustaining the largest and most persistent fire on

Earth (Rein 2013).

When the rainy season arrives or substantial firefighting operations take effect, even
though near-surface smouldering fires could be extinguished, hidden underground smoul-
dering hotspots may still sustain at a low temperature and spread at a very low propaga-
tion rate that is extremely difficult to detect by human patrols and satellite imaging (Rein
2013; Rein and Huang 2021). With the advent of the dry and hot season, the soil on the
surface gradually dries, and deep smouldering spots begin to spread upwards towards the
ground and flare up, forming a new fire point (Fig. 4-1d) (Huang and Rein 2019; McCarty
et al. 2020). This recurrent fire behaviour has been observed in the peatlands of Southern
Africa, Southeast Asia and even the Arctic region (Gumbricht et al. 2002; Rein 2013;
Scholten et al. 2021). However, such ‘holdover’ or deep peat fire behaviours in global
peatlands are still poorly understood, so we need to explore the underlying mechanism

and limiting conditions of these persistent in-depth peat fires.

Past studies have investigated the dynamics of smouldering peat fires, including het-
erogeneous chemical kinetics (Huang and Rein 2014), ignition (Frandsen 1987, 1997,
Restuccia et al. 2017; Lin et al. 2019), fire spread (Huang et al. 2016; Prat-Guitart et al.
2016b; Huang and Rein 2017, 2019; Yang and Chen 2018), extinction (Lin ef al. 2021b;
Santoso et al. 2021; Mulyasih et al. 2022) and fire emissions (Rein et al. 2009; Hu et al.

2018, 2019a). For downward smouldering spread, small-scale lab experiments have
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demonstrated that fire can spread to a depth of about 30 cm (Benscoter ef al. 2011; Huang
and Rein 2017). Airborne LiDAR measurement showed that real peat fire could spread
down to 50 cm and last for a long period (Rein ef al. 2008; Ballhorn et al. 2009).

Our previous small-scale pilot experiments showed that smouldering peat fires could
be ignited by a coil heater at a depth up to 15 cm and then spread upward to the surface
(Huang and Rein 2019). During the in-depth burning and upward fire spread process, no
visible smoke plume or soil volume change was observed until the fire front reached the
ground surface, indicating the difficulty of detecting deep peat fires visually. So far, there
is a lack of both lab-scale and field-scale smouldering research to reveal the in-depth
smouldering propagation behaviour. Moreover, no large experiment has been conducted

to explore smouldering fire behaviour at soil layers deeper than 30 cm.

This study conducts a series of laboratory experiments on peat columns of 1 meter
tall to explore the underground peat fire behaviours. We also quantify the temperature
profile, spread dynamics, persistence, and CO emission of deep peat fires that burn for
more than 10 days. This work helps reveal the underlying mechanism of the in-depth
smouldering wildfires in peatland and supports future larger-scale peat fire experiments

in the field.

4.2 Experimental phenomena and results

The surface and hidden underground smouldering fires in peatlands were noticed pre-
viously but poorly understood because it is hard to observe the phenomenon. This section
reports and compares the persistently burning and propagation behaviour of smouldering
peat fire (initial MC = 10%) with different ignition heights. The temperature history for

typical cases is shown in supplementary videos.

4.2.1 Base case of surface ignition

The base case was initially conducted where the smouldering fire was initiated on the
surface of the air-dried peat column (MC = 10%; z = 0). Fig. 4-2 shows the thermocouple
measurements of the base case, where the negative signs represent the distance below the

initial free surface. After heating by electric coil for 60 min, the temperature near the
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surface exceeded 500 °C, suggesting the formation of a robust smouldering front. After-
wards, smouldering spread downward, where a layer of black char and white ash layer
was formed on the free surface due to environmental heat losses. Such phenomenon was
also observed in other experiments and real scenarios (Huang and Rein 2017; Lin ef al.
2020b). As the top ash layer became thicker, the oxygen supply from the top surface to
the deeper smouldering front must decrease, so the overall smouldering temperature de-

creased with the depth from around 550 °C to around 350 °C.

After about 4 days, the peak temperature of the smouldering front decreased to about
300 °C, which was not strong enough to fully oxidised the char layer (see TGA in Section
3.1.1). Thus, a lot of unburned peat and char remained. As a result, the peat volume re-

mained constant, and the top surface no longer regressed and remained at about -35 cm.

For better observation, Fig. 4-2b further plots the temperature profiles at different
moments at a 1-day interval, where the solid red lines represent the temperature profiles,
and the dashed black line indicates the position of the top surface after the regression. As
expected, after the ignition, a strong smouldering front gradually propagated downward
with a regressing top surface. The hottest zone is not on the top surface but consistently
below the top free surface. It was because the accumulating layers of unburned char and
ash on the top reduced the environmental cooling. However, after the initial fast expan-
sion, the smouldering fire front split into two separated burning fronts at different depths.

Such fire phenomenon is observed for the first time.
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(a) Initial burning from the top (0 cm)
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Fig. 4-2 Base case with peat fire ignited on top free surface, thermocouples data (a) and evolu-

tion of temperature profile (b). The negative sign denotes depth below surface.

The primary reason for the separated multi-depth burning was that the downward fire
propagation was localised. In other words, the cross-section area of 24 cm x 24 cm was
not entirely ignited because it was much larger than the size of the smouldering front
(5~10 cm) (Huang et al. 2016). This is different from previous smaller-scale tests with a
cross-section area of 10 cm x 10 cm, where the entire cross-section was ignited and prop-
agating (Huang and Rein 2017; Lin ef al. 2020b). Herein, some air might bypass the lo-
calised shallow fire spot and feed the deeper fire front from the lateral direction. Then,
we expect that the real underground peat fires also split into multiple smouldering fronts
and propagate in different directions because of an even greater oxygen supply from var-
ious directions. This is why the spread and growth of peat fires in the field are very fast
and difficult to predict. Even if all shallow smouldering fires are extinguished, the deep

fires may still survive, so it is not easy to detect them.

Moreover, from Fig. 4-2b, we found the first smouldering front propagated faster,
first reached the bottom of the reactor on Day 2 and then sustained a weak local burning

due to the limited oxygen supply. Afterwards, the second smouldering front continued
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propagating downward and eventually, two fronts emerged and continued burning for
another 4 days. Note that the peak temperature measured on Day 8 was higher than the
previous two days. It was because the thermocouple measurement was only a point in the
axis, and they were not in contact with the burning zone on Days 6 and 7. This also proves
that the deep smouldering fire front does not cover the whole cross-section area under the
limited oxygen supply. The whole burning and propagation process lasted for more than
10 days, showing the persistent and localised smouldering of deep peat fires. After the
test, residue weight was measured, and only 25% of the total mass was lost in the fire.
Thus, the burning of deep smouldering peat fire is incomplete, because of limited oxygen

supply and low fire temperature.

Afterwards, to simulate the in-depth burning and re-emerging behaviour of peat fires,
we initiate smouldering fires at different depths of the peat column (starting from -20 cm)

to observe the smouldering burning and fire propagation behaviours.

4.2.2 Shallow peat fire propagation (upward-and-downward)

Fig. 4-3 a-b shows the temperature evolution of the peat column where the initial
burning depth is 20 cm. After forced ignition at z = -20 c¢m, the smouldering fire front
firstly expanded, as indicated by the thermocouple measurements. During this process,
no smoke or volume change could be observed visually until the expanding smouldering
front approached the peat surface. After about 12 h, the smouldering fire re-emerged on
the top free surface with heavy smoke and higher temperatures. Then, a black charring
spot appeared and expanded laterally, quickly covering the entire top surface under the
rich oxygen supply from the ambient. These holdover, hibernation, and re-emerging pro-
cesses are the same as the observations in our previous pilot experiments (Huang and
Rein 2019) as well as the real fire scenarios in the peatlands of Southern Africa, Southeast
Asia and even the Arctic region (Gumbricht ef al. 2002; Rein 2013; Scholten et al. 2021).
However, once the smouldering front re-surfaced to the surface, no flaming fire was ig-
nited as the organic soil is prone to smouldering combustion (Lin ef al. 2019). In real fire
scenarios, other surface fuels (e.g., leaves and branches) on the peatlands may be ignited

or even trigger a flame. This process requires future investigations.
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Fig. 4-3 Thermocouple measurement of smouldering peat fire ignited at the depth of -20 cm.

The negative sign denotes depth below surface.

Afterwards, the smouldering only propagated downward, and its process was similar
to that initiated on the top surface in Fig. 4-2. During this process, two burning fronts
were also observed, and the peat surface also regressed by around 35 cm after persistently
burning for 9 days. The observed peak temperatures on Days 7 and 8 are also larger than
that on Day 6, because of the localised burning under limited oxygen supply to the deep
fire front. In other words, the smouldering fire seems to stay at -80 cm for 6 days, while

it may still have local fire spreads toward different directions in the lateral plane, requiring

further investigations.

4.2.3 Deep fire downward propagation

By decreasing the initial burning depth to -40 cm or -60 cm, a different burning phe-
nomenon was observed, as shown in Fig. 4-4. After ignition, the smouldering front was
persistently burning in the deep peat layer. Above the ignition location, the peat temper-
ature never exceeded 100 °C, and the residual was fresh peat. Therefore, we can first

conclude that there was no upward fire spread.
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Fig. 4-4 Thermocouple data and temperature profile of smouldering peat fire ignited at depths

of -40 cm (a-b) and -60 cm (c-d). The negative sign denotes depth below surface.
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The peak temperatures below the ignition location barely reached 300 °C, because the
thermocouples were not in contact with the local burning fronts. Nevertheless, we can see
the overall fire propagation was downward, and there must be multiple localised fire
propagation in different directions. Due to the low smouldering temperature, even after
burning for 10 days, the total mass loss was less than 10%. These local fire fronts were
not stable that were easily extinguished under the limited oxygen supply. Therefore, even
after burning for 10 days, the total mass loss was less than 10%. The residual in the deep
layer also included some uncharred fresh peat soil. Therefore, the burning of deep peat
fire was incomplete, which is another reason for forming multiple burning fronts in deep
layers. These deep local fire fronts were unstable under limited oxygen supply, so they
may not always be self-sustained. Moreover, during the entire burning process of 10 days,
no visual smoke, noticeable collapse, or surface regression was observed, further demon-
strating the difficulty of monitoring these in-depth smouldering peat fires. After the sam-
ple was cooled down, we waited for another 3 days to avoid missing the re-emerging fire,

but no further temperature increase was observed.

4.2.4 No fire propagation (local partial burning)

By further moving the ignition position deeper to -80 cm or -100 cm, different fire
phenomena are observed. As shown in Fig. 4-5, after the ignition heating, the temperature
of the ignition zone could exceed 400 °C, indicating a robust heating process. After the
heating power was off, the temperature could only sustain at about 300 °C, close to the
minimum smouldering temperature of this kind of peat (Lin ef al. 2019). However, the
fire was successfully initiated because there was some clear temperature increase from

time to time.

Within the first 2-3 days after the ignition, the burning zone slightly expanded, but
there was neither clear upward nor downward fire spread. Afterwards, the burning was
only sustained in these small regions, and a clear fluctuation of temperature was also
observed over the next several days because of the limited and uneven oxygen supply.
Eventually, after about 10 days, all measured temperatures were decreased to ambient,
and no regression of the peat column could be observed. By examining the fire residue,

we found that all peat above the ignition point was nearly undisturbed. Around and below
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the ignition zone, most of the peat soil was charred, while not much white ash was ob-
served. Around and below the ignition zone, most of the peat soil was charred, while not
much white ash was observed because of the lack of oxygen to sustain a robust oxidation

Process.

The overall burning was so weak that it was both a long-term burning process and a
prolonged extinction process. Note that the moisture re-distribution is also possible as
the peat sample is relatively large. A burning zone at the deep layer would evaporate the
available water in the peat which is potentially re-condensed in the upper layer. As a
result, the MC of the upper peat layer may increase and protect the unburned region which
contributes to the self-suppression of the smouldering fire. More investigations are nec-

essary in future field fire tests.

66



(a) Initial burning depth of - 80 cm

600
= 500
E -80 cm
o 400
= -86 cm 92 cm
00 NN " it
£ 200 TSV T Iy TR

SN TR e R o, P
00 fropr = NI TN A TN N
= A8 m Tt e ’-f-—'::i‘-‘.,}-;'g e A Y
0 1 1 1 | |----|. -.I.. "r'--. | 1 | .'ﬁ]'-_‘.'_'
0 1 3 4 5 7 8
Elapsed time (day)
0 (b) Temperature profiles at a 1-day interval (-80 cm)
After Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

20 ignition
§ 40
£
g -60
(m]

-80

100, 500

Temperature (°C)

(c) Initial burning from the bottom (-100 cm)

Temperature (°C)

5 6 8
Elapsed time (day)

(d) Temperature profiles at a 1-day interval (-100 cm)

0]
After | Day 1| Day 2| Day 3| Day 4| Day 5| Day 6| Day 7| Day 8| Day 9|Day 10|Day 11|Day12

20 ignition
g -40
£
a -60
)
(]

-80 \

1005 450

Temperature (°C)

Fig. 4-5 Thermocouple measurement of smouldering peat fire ignited at the depth of -80 cm (a-
b), -100 cm (c-d). The negative sign denotes depth below surface.
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4.3 Analysis and discussion

4.3.1 Smouldering temperature

Fig. 4-6 compares the measured peak smouldering temperatures of cases with differ-
ent initial burning depths. It is worth noting that the thermocouple, as a point sensor, may
not capture the hottest point of the localised smouldering fire front at that depth, so the
overall peak temperature may be inevitably underestimated. Therefore, although Some
measured peak temperatures are lower than 250 °C, but it does not mean that smouldering

can sustain under such a lower temperature.

For the fire initiated on the surface, the temperature first decreases from about 550 °C
to 350 °C as the location drops from 0 cm to -40 cm. However, when the smouldering
front propagates to lower than -40 cm, the peak smouldering temperatures almost remain
stable at around 300 °C which is slightly higher than the minimum smouldering temper-
ature. Similarly, for the fire initiated at -20 cm, the temperature also first decreases from
0 cm to -40 cm and remains stable at locations lower than -40 cm. Comparatively, for the
fire initiated lower than 40 cm below the top free surface, the smouldering temperature is

no longer sensitive to the depth but remains constant at about 300 °C.

0 : . +
: ire Py
| : spread Py
20+ ' .
! a
! o
_— | : o
g -40 -
z I o
= \ e
[1}] '60 I~ : s
() : .
e
-80 |- L.
Extinction < . ®
-100 ’

0 100 200 300 400 500 600
Peak temperature (°C)

Fig. 4-6 Measured peak smouldering temperature at different depths of the peat fires (the error

bar represents the standard deviation of the measured data).
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In general, for the oxygen supply from the top free surface, the smouldering temper-
ature will decrease with depth, because the accumulating ash layer on the surface will
weaken the oxygen diffusing to the burning area (Huang and Rein 2017). This agrees well
with the trend of smouldering temperatures above -40 cm, as shown in Fig. 4-6. However,
as the smouldering fronts locate at a position lower than -40 cm, the temperatures no
longer vary with the depth of the peat column. This may be because the oxygen supply
from the top open surface becomes negligible, while lateral oxygen supply starts to dom-
inate when the depth of the smouldering is larger than 40 cm. This also explains why the
fire ignited below -40 cm only persistently smoulders locally or propagates downward
without re-surface to the free ground. In the future, more experimental and numerical

investigations will be essential to reveal the underlying mechanisms.

4.3.2 Burnt mass loss

After fire extinction, the residue mass of the 1-m peat column was measured to cal-
culate the total burned mass loss. For example, if the 20% of mass is lost, it is equivalent
to that 20-cm peat out of 1 m is completely burned. Fig. 4-7 shows the mass loss and the
equivalent burned thickness for different initial fire depths. Essentially, the smouldering
combustion of deep peat fire is quite incomplete. For ignition on the top surface, only 25%
of original mass is lost, which is reasonable for only 35 cm surface regression (Fig. 4-2).
For deeper fires, the burning mass loss is less than 10%, where no surface regression or
internal collapse was found. Therefore, despite of burning for more than 10 days, the
burning mass loss is very small, where only a small amount of peat is partially pyrolyzed
into char. Even smaller amount of char is oxidised, indicated by the low in-depth peak
temperature (~300 oC). As the reaction rate increases exponentially with temperature,

burning a longer duration at a lower temperature does not lead to a large mass loss.
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Fig. 4-7 Measured burned mass loss (or equivalent burned thickness) vs. initial peat fire depth.

4.3.3 Smouldering CO emissions

As smouldering is an incomplete combustion process, the CO emission is always the
quantity of interest. From the viewpoint of chemical reactions, CO could both come from
the pyrolysis of peat and the oxidation of char (Hu et al. 2018). Therefore, Fig. 4-8 sum-
marises CO emission concentrations (ppm) at 5 cm above the initial top surface for dif-

ferent depths of the peat fire.

During the ignition heating by the coil heater, there was a high level of CO (~10° ppm)
for all ignition depths. For initially burning at 0 cm and — 20 cm in Fig. 4-8 a-b, the CO
concentration is on the order of 10? ppm. The CO concentration continuously increases
to 10° ppm during the upward fire spread and following lateral surface spread in Fig. 4-8b.
Such a high CO concentration is a lethal threat to firefighters and nearby residents (Norris
et al. 1986; Ernst and Zibrak 1998). Comparatively, for the in-depth smouldering or local
burning cases in Fig. 4-8 c-f, the order of the CO concentration decreases to 10 ppm. It is
worth noting that even if the in-depth smouldering is extremely difficult to be detected
by satellites and patrollers, the CO concentration near the surface remains at a detectable
level. This implies that measuring the CO emission near the peatland surface may be an

effective method for detecting deep peat fires.
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Fig. 4-8 Measured CO concentrations 5 cm above the top surface for peat fires at different

depths.

4.3.4 Effect of moisture content

MC is one of the key parameters that affect the properties of peat soils (Frandsen 1987;
Prat-Guitart et al. 2016b; Huang and Rein 2017; Dadap et al. 2019; Hu et al. 2019a). To
investigate the effect of MC on the in-depth burning of the smouldering peat fire, a peat
column with 50% MC was also ignited at -60 cm below the top-free surface. Fig. 4-9
compares the temperature measure between dry peat (~10% MC) and wet peat (50% MC),
where the burning duration of the wetter peat is significantly reduced. Specifically, as the
MC increases from ~10% to 50%, the burning duration is decreased by half from about

11 days to 5 days.
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Fig. 4-9 Comparison of smouldering dry peat (MC = 10%) and wet peat (MC = 50%) in the

same ignition position of -60 cm. The negative sign denotes depth below surface.

Initially, the wet peat (MC = 50%) was able to be ignited with the same ignition pro-
tocol (200 W for 60 min). However, the smouldering front only propagated for a short
distance to about -80 cm with a decreasing peak temperature. As a result, the burning
duration of wet peat is much shorter than that of dry peat, as in Fig. 4-9. In general, the
peat moisture has three effects on the deep smouldering fire: (i) altering the thermal prop-
erties, (i1) increasing heat transfer efficiency through molecular diffusion; and (iii) acting
as a strong heat sink during evaporation (McAllister et al. 2012; Lin et al. 2019). Also,
the evaporated water may re-condense in the upper layer to protect the unburned region,
which contributes to the self-suppression of smouldering fire. This implies the importance

of keeping the peat soil moist in regions prone to underground fires.

While these values (MC =10% and 50%) do not encompass the full range of field-
relevant moisture contents, particularly high-moisture conditions (e.g., MC > 100%) and
vertical gradients often observed in natural peat profiles, future work will expand on these

scenarios to better reflect real-world heterogeneity.
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4.4 Conclusions

In this chapter, we experimentally demonstrated that smouldering underground fires
could sustain in deep soil layers for more than 10 days, regardless of the initial burning
position. As the initial burning position becomes deeper, four smouldering burning modes
can be observed: (I) downward propagation, (II) upward-and-downward propagation, (I1I)
in-depth propagation, and (IV) no propagation (local burning). For the in-depth fire prop-
agation and localised burning, no visual smoke, noticeable collapse, or regression was

observed, indicating the difficulty of detecting deep peat fire.

For peat fires shallower than 40 cm, the peak smouldering temperature decreases as
the depth increases. For fires deeper than 40 cm, the smouldering temperature remains at
about 300 °C and becomes insensitive to the depth, revealing the dominant role of oxygen
supply in peat fire dynamics in deep soil layers. Despite of long-term burning, the mass
loss fraction is small, because the low smouldering temperature causes incomplete com-
bustion. The CO concentration near the surface varies on the order of 10 and 10? ppm, so
it can be used to detect underground fires and monitor its intensity. High peat MC can

slow down in-depth fire propagation and reduce the burning duration.
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CHAPTER 5 Experimental study
on oxygen thresholds: limiting
oxygen concentration and supply

rate
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5.1 Introduction

Smouldering combustion is a sluggish, low-temperature, flameless process driven by
exothermic heterogeneous oxidation (Ohlemiller 1985; Rein 2013; Rein et al. 2016).
smouldering in porous fuels ignites easily from weak heat sources or self-ignition, ena-
bling a rapid transition to flaming combustion (Lin et al. 2019, 2021c¢; Santoso et al. 2019;
Wang et al. 2021). Once ignited, smouldering persists under extreme conditions, includ-
ing low oxygen and high fuel moisture, making it dominant in residential, industrial, and
natural fires (Quintiere 1997; Huang and Rein 2016a). For example, underground peat
fires can survive in deep soil layers with limited oxygen supply, resulting in long-lasting
combustion phenomena on Earth (Rein and Huang 2021). On the other hand, persistent
smouldering combustion has also been applied for the removal of organic wastes with a
high MC (Yerman et al. 2017; Torero et al. 2020; Chen et al. 2022), showing an excellent
prospect for industrial application. Therefore, a better understanding of smouldering com-
bustion is vital to mitigate the smouldering fire hazards and promote smouldering-based

technologies.

Two key mechanisms control the propagation and extinction of smouldering: oxygen
supply and heat loss (Ohlemiller 1985; Rein 2013; Rein et al. 2016). The impact of heat
loss on smouldering propagation and extinction has been systematically studied, reveal-
ing key insights such as quenching by cold walls (Lin and Huang 2021; Lin et al. 2021b,
2022a), moisture (Hadden and Rein 2011; Huang and Rein 2015; Ramadhan et al. 2017;
Lin et al. 2020b, 2021b), and wind (Lin et al. 2021¢). On the other hand, the effect of
oxygen levels on smouldering has been explored since the 1970s (Moussa et al. 1977),
but the current understanding of the oxygen supply thresholds for sustaining smouldering
propagation is still limited. Schmidt et al. (Schmidt et al. 2003) found that in the self-
ignition test, the smouldering fire could spread to the free surface under an oxygen con-
centration as low as 6%. Malow et al. (Malow and Krause 2008) showed that lowering
ambient oxygen to 5% still could not extinguish the smouldering fire on coal and wood

chips.

Even for the same fuel, different values of LOC were found in different experimental
work (Belcher et al. 2010; Hadden et al. 2013; Huang and Rein 2016a; Richter et al. 2021).

For peat, Belcher et al. (Belcher et al. 2010) found that the smouldering could not be
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sustained below a critical oxygen concentration of 16% without forced oxidiser flow.
However, Hadden et al. (Hadden et al. 2013) found that with a forced flow of oxidiser,
smouldering peat fire can survive at oxygen concentrations as low as 11%. For smoulder-
ing wood, the LOC has been found to be 10% with a forced internal flow (Wang et al.
2017a) and 4-6% under intense irradiation (Richter et al. 2021). Our previous work
(Huang and Rein 2016a) further found that the LOC of smouldering increases with the
fuel MC. So far, the physical meaning of LOC in different smouldering experiments is

still poorly understood.

Moreover, reducing the ambient pressure or gravity also lowers the oxygen supply
threshold of smouldering (Walther et al. 1996; Bar-Ilan et al. 2004; Yamazaki et al. 2019,
2020). The observed minimum ambient pressure for smouldering is about 10~20 kPa
(Yamazaki et al. 2019, 2020), similar to that of flame. Bar-Ilan et al. (Bar-Ilan et al. 2004)
found that smouldering of polyurethane foam in microgravity spacecraft required a
smaller oxygen supply than in normal gravity. However, the actual minimum rate of ox-

ygen passing through the porous media is also unclear, so there is a big knowledge gap.

The oxygen supply rate into the porous fuel can be defined by the oxygen mass flux,
which changes with the oxygen concentration and internal flow velocity. When a smoul-
dering porous fuel is in contact with the ambient, the oxygen can flow into the fuel bed
through pores, driven by diffusion and free convection, and such a natural oxygen supply
is often sufficient for smouldering. Most past studies were performed with smouldering
fuel samples open to the quiescent ambient or under an external wind, which cannot com-
pletely isolate the oxygen diffusion from the ambient. Thus, it is difficult to quantify the

minimum oxygen supply rate and LOC for smouldering combustion.

This chapter aims to explore the minimum internal oxygen supply rate through a po-
rous fuel bed that is able to sustain a robust smouldering propagation. An oxidiser flow
with U up to 14.74 mm/s and X, of 2%-21% is fed to peat soil that is isolated from extra
oxygen supply from the ambient. The total mass loss and peak temperature under differ-
ent oxygen supply rates were quantified. A theoretical analysis was proposed to explain

the Ui, and LOC of smouldering.
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5.2 Results and discussion

5.2.1 Smouldering propagation phenomena

Fig. 5-1 shows the thermocouple measurements of self-sustained smouldering prop-
agations and extinction under different airflow velocities (Xo,= 21%). During coil heater
ignition, the temperature near the ignition zone increases significantly above 500 °C for
all cases, so that the 15-min ignition is strong enough to initiate a robust smouldering
zone. Among them, Fig. 5-1a shows the smouldering propagation when the oxygen sup-
ply is abundant (U = 4.4 mm/s). After the 15-min ignition, the gas flow was supplied from
the bottom end of the reactor. The temperature first decreases but soon increases again,
indicating a self-sustained smouldering propagation (Lin et al. 2020b). Moreover, a bidi-
rectional propagation phenomenon is shown, evident by the temperatures over 300 °C
both above (z > 0) and below (z < 0) the ignition zone. Fig. 5-1a further illustrates the
bidirectional propagation process under large flow velocity. As the oxygen supply is
abundant, the oxygen is not fully consumed by the lower downward propagation front.
Thus, the remaining oxygen can pass through to sustain the upward smouldering front,

showing a bidirectional propagation mode.

As the gas flow was provided from the bottom end, the downward (opposed) propa-
gating smouldering front has more than sufficient oxygen supply, showing a higher
smouldering temperature and propagation rate. Comparatively, for the upward (forward)
propagation, the oxygen supply is reduced, so that a lower smouldering temperature at
z >0 could be observed, as shown in Fig. 5-1a. Because the oxygen supply is sufficient,
the combustion of solid fuel is more complete. When all temperatures dropped to the
ambient temperature, only a thin layer of mineral ash remained at the bottom, so the burn-

ing mass loss was maximised.

Fig. 5-1b shows that as the airflow velocity is decreased to 1.2 mm/s, the bidirectional
smouldering propagation disappears, where the measured temperature above the ignition
zone is lower than the minimum smouldering temperature (~250 °C) (Lin and Huang
2021). Under such oxygen-limited conditions, the smouldering front only propagates to-

wards the gas flow from the bottom (opposed), as illustrated in Fig. 5-2b. As the oxygen
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is almost consumed by the downward smouldering front, no excess oxygen is left to sus-

tain another upward (forward) smouldering propagation. After the test, an ash layer to-

gether with a thick layer of virgin fuel remained in the reactor, so that not all the peat and

char were consumed, resulting in a lower burning mass loss (discussed more in Section.

5.3.3).
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Fig. 5-1 Temperature profiles at different airflow (X,,= 21%) velocities. U = 4.42 mm/s with a

bidirectional propagation (a); U = 1.18 mm/s with a unidirectional propagation (b); and U =

0.07 mm/s without smouldering propagation (c).

Further decreasing the airflow velocity, eventually, smouldering combustion cannot

be sustained. Fig. 5-1¢ shows the temperature profile of a no-propagation case, where the

forced airflow velocity is 0.07 mm/s. During the ignition process, the temperature near

the coil heater also reached about 500 °C, but once the heater was off, it kept decreasing

to the ambient temperature without strong fluctuation. Further increasing the ignition du-
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ration to 30 and 45 min, smouldering propagation still did not occur, so the applied air-

flow velocity is below the smouldering limit of this fuel.

(a) Bidirectional propagation (oxygen-rich)

(I) Bidirectional (I1) 2nd-stage (111) Extinction
(forward + opposed)

(b) Unidirectional propagation (oxygen-limited)

() Unidirectional (I) 2nd-stage (111) Extinction
(opposed)

Fig. 5-2 Schematic diagrams of bidirectional smouldering propagation (a); and unidirectional

propagation (b) under different oxygen conditions.

5.2.2 Oxygen supply limit for smouldering

Fig. 5-3 summarises the experimental results of the U,,;, to sustain smouldering

propagation under different X, . The hollow, semi-solid, and solid markers represent the

29 ¢

cases of “no propagation,” “unidirectional propagation,” and “bidirectional propagation”
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of smouldering fire, respectively. As expected, the boundary of sustaining bidirectional
propagation is much higher than that of sustaining unidirectional propagation. For exam-
ple, with a forced airflow (X, = 21%), the minimum flow velocities to sustain bidirec-

tional and unidirectional propagation are 2.9 mm/s and 0.3 mm/s, respectively.
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Fig. 5-3 Minimum flow velocity vs. oxygen concentration (a); and minimum oxygen mass flow

rate vs. oxygen mass fraction (b).

Moreover, the required oxidiser flow velocities for both smouldering-propagation
modes increase as the oxygen concentration decreases. For example, if the oxygen con-
centration is decreased from 21% to 10%, the minimum oxidiser flow velocity to sustain

unidirectional propagation will increase by over two times from 0.3 mm/s to 0.7 mm/s.

Further reducing the oxygen concentration to 2%, smouldering combustion can still
survive when the flow rate exceeds 12.5 mm/s. Fig. 5-4 shows temperature profiles of a
successful smouldering propagation under 2% oxygen concentration. To the best of the
authors’ knowledge, this is the lowest oxygen concentration reported for smouldering fire.
It is reasonable because strong exothermic char oxidation still occurs at 2% oxygen con-
centration, as shown in the thermogravimetric data (Fig. 3-1). In other words, the LOC
for smouldering peat fire is below 2%. Therefore, the minimum oxygen concentration
(MOC) for smouldering peat is about 1.5 £ 0.5%. Such a low LOC of smouldering fire
explains why underground smouldering peat fire can be sustained in the deep soil layers

for months (Rein 2013).
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Herein, empirical correlations between the minimum flow velocity and oxygen con-

centration can be formulated as

0.06

m (unidirectional) (5.1a)
Unin = 0.06
W + 2 (bidirectional) (5.1b)

where the unit of the internal flow velocity is mm/s, and R’ of the fitting is 0.97. This
fitting is selected based on the theoretical analysis in Section 5.2.4. Note that for using
these correlations, the oxygen concentration has to be larger than the MOC (= 1.5%);

otherwise, it has no physical meaning.

At 2% oxygen concentration, the unidirectional propagation can no longer be ob-
served. When the oxidiser flow is very fast, it does not have sufficient time to fully react
with the downward smouldering front. Thus, there is always a large amount of unreacted
oxygen leaking to the upward smouldering front to form a bidirectional smouldering
propagation. In other words, the boundaries of these two propagation modes will merge

in a large oxygen supply rate (see Fig. 5-3b).
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Fig. 5-4 Temperature profile at a flow velocity of U= 14.7 mm/s and Xy, = 2%.

Fig. 5-3 further summarizes the mgz,mm to sustain different smouldering propagation
modes under different Y,,. For the oxygen mass fraction above 10%, the extinction limit

of smouldering changes only slightly and approaches a minimum value of 0.08 + 0.01
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g/m?-s, which could be defined as the minimum oxygen supply rate to sustain a smoul-
dering propagation. Note that the minimum value of oxygen supply rate may still decrease
slightly as the oxygen mass fraction increases above atmospheric value, which needs
more verifications in future work. As the oxygen mass fraction further drops below 10%,
the minimum oxygen supply rate for (unidirectional) smouldering propagation gradually

increases to 0.25 + 0.05 g/m?'s at Xo,=2%.

Based on Eq. (5.1), we have an empirical correlation between the minimum oxygen

supply rate and oxygen level as

( 0.08Y,
. Y,, — MOC
moz,min = ngOZ Umin ~ 0 08Y0
) 2

(unidirectional) (5.2a)

m + 2.5Y,, (bidirectional) (5.2b)

where MOC = 1.5 + 0.5% for the test peat fuel, and R’ of the fitting is above 0.9 because

the difference between oxygen volume and mass fractions are relatively small (X,, =
Yo,).

For the boundary between bidirectional and unidirectional smouldering propagation
modes, the limiting oxidiser flow velocity also gradually increases with the decreasing
oxygen concentration, as shown in Fig. 5-3. Such a boundary is almost parallel to the
lower boundary of the extinction limit with a constant gap of about 2 mm/s. It is possible
that a minimum flow residence time is required to enable a bidirectional smouldering
propagation. On the other hand, as the oxygen concentration decreases, both the limiting
value of the oxygen supply rate and the gap of the unidirectional-propagation regime de-

crease, see Fig. 5-3b.
5.2.3 Mass loss and smouldering temperature

In addition to the oxygen limits of smouldering, the mass losses and peak smouldering
temperatures are also summarized in Fig. 5-5, which may help understand the near-limit
smouldering behaviour and extinction limits of smouldering combustion. Fig. 5-5a sum-
marises all mass-loss fractions, where solid, semi-solid, and hollow symbols indicate bi-

directional propagation, unidirectional propagation, and extinction cases, respectively.
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First of all, the mass loss during the forced ignition process is quantified, which is around
9.0% (24.3 g out of 270 g). Afterward, the mass loss with different flow conditions can

be divided into three regions with different propagation modes.

For the bidirectional propagation, a larger mass loss of over 70% was obtained. As
discussed in Section. 5.2.2 and illustrated in Fig. 5-2, the occurrence of bidirectional
smouldering propagation is caused by excess oxygen supply. After the test, only a thin
ash layer was observed at the bottom of the reactor, thus resulting in a larger mass loss
close to the OC of fuel (~ 97%). Comparatively, the unidirectional smouldering propaga-
tion can consume 35-70% of the fuel mass. Because the oxygen supply is relatively lim-
ited, a layer of virgin unburned fuel remains after extinction, resulting in a lower mass
loss. Also, the range of mass loss fraction for unidirectional propagation increases with

the Xo,, showing a similar trend to the oxygen supply rate in Fig. 5-3b. Finally, for cases

of no smouldering propagation, a mass loss of 10-35% could still be achieved. The addi-
tional mass loss beyond ignition is caused by a weak char oxidation process that could
still survive in the preheated ignition regions. However, due to the lack of oxygen, such

a smouldering front could not propagate out (i.e., local burning only).
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Fig. 5-5 Mass loss (a) and the peak temperature (b) during different smouldering propagation

modes.

Fig. 5-5b shows the effect of flow velocity and oxygen concentration on the peak
smouldering temperature. For this organic peat soil, the maximum smouldering tempera-
ture is about 700 °C, which is close to the literature values (Huang et al. 2016; Lin et al.

2020b; Lin and Huang 2021). Moreover, as the oxygen concentration or internal flow
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velocity increases, the smouldering temperature increases. For example, given an oxygen
concentration of 18%, as the flow velocity increases from 0.4 mm/s to 4.4 mm/s, the
smouldering temperature increases from 352 °C to 658 °C. It is because a stronger oxygen

supply can lead to a stronger char oxidation process.

On the other hand, as X, and U decrease, the smouldering temperature gradually de-
creases. Eventually, at the extinction limit, there is a global minimum smouldering tem-
perature of about 300 °C, regardless of the oxygen concentration and flow velocity. Such
a minimum is close to the threshold temperature for char oxidation found in the TGA and

similar to the literature data (Huang and Rein 2019; Lin and Huang 2021).
5.2.4 Analysis of minimum oxygen supply

To scientifically explain the relationship between Upin, g, min and oxygen fraction
(Xp, or Yp,), asimplified energy conservation equation is applied to a propagating smoul-
dering front, as shown in Fig. 5-6. At the extinction limit, the heat generated from the net
heterogenous smouldering reactions (§g,) should just balance the heat loss from water
evaporation (q,¢), internal flow convection (qz,ny), and environmental heat losses (§;')

such as cold walls as
q.;;n,min = qIIVIIC + qgonv + q(’a, (5.3)
where the minimum oxidation heat generated is
q;’m,min = mlolz,minAHox = pg(UYOZ)minAHox (5.4)

where p, is the density of oxidiser flow, and AH,, is the heat of oxidation. Therefore, we

can derive the minimum oxidiser flow velocity as

y - et deony +4¢ 1
e Pg YOZ AHox Yo

(5.5)

2

which shows that the minimum gas flow velocity is inversely proportional to the oxygen

concentration (Xo, = Yy, ). Thus, the trend of experimental data in Fig. 5-3a is success-

fully explained.

84



A A

Virgin fuel

= Ir 7
QMCt thonv
B Rescion zono G, A

A A R A A A R A A R A AR NN NN
-
[=]
Q
. ]
=h
) =3
N Q
-
=
o
=3
-
LA AR RV

Fig. 5-6 Schematics for energy conservation in propagating smouldering front.

Further reorganising the energy equation, the minimum oxygen supply rate can be
expressed as

qMC + qconv + c.Ie (5 6a)
AH,, '

N7 _ _
mOz,min - Uminpgyoz -

As the oxygen concentration decreases, the required internal flow velocity increases sig-
nificantly (Fig. 5-3), and its convective cooling (§sony) becomes important (Incropera

2007), as

=1 k
Qeconv = h(Tsm —Tx) = Nu <B> (Tsm —T) (5.7)

Nu o< Re™Pr™ « (UD/v)"(v/a)™ o« U™ (5.8)

where h is convective heat transfer coefficient, T,, is ambient temperature, D is the pore
size, v is kinematic viscosity, a is thermal diffusivity, and 0 < m < 1 (Wang et al.
2022a). In other words, the convective cooling of the internal flow also increases with the
flow velocity, which becomes significant for limiting cases with low oxygen concentra-
tion and large internal flow rate. Thus, with low oxygen concentration and large oxidizer

flow rate, the minimum oxygen supply rate can be described as

m

mgz,min = Uminpgyoz x q.é’onv X Urrrrzlin x (YOZ )m (YOZ < 10%) (5-6b)

Specifically, with m = 0.5, we have U,,;;,, < 1/ Ygz and Mg, in % 1/Yp,. Therefore, the

minimum oxygen supply rate increases with the flow velocity and decreases with the

oxygen concentration. This successfully explains the experimental trend in Fig. 5-3b,
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when Yy, is smaller than 10%.

On the other hand, as the oxygen mass flux further increases, the required flow veloc-
ity will gradually decrease (see Fig. 5-3a). Eventually, the minimum required flow ve-

locity will be tiny, so the convective heat loss becomes negligible as

et Qoo T 48 e + 44

Mo, min = A, AH. = const. (Yp, = 10%) (5.6¢)

As a result, the minimum oxygen supply rate approaches a constant if the fuel condition

(e.g., moisture) and reactor configurations are fixed. This well explains the Mg =

0.08 g/m*s found in the experiment when the oxygen mass fraction is larger than 10%

(see Fig. 5-3b).

Eq. (5.6¢) also indicate that the value of this minimum oxygen supply rate changes
with the fuel. For example, the AH,,,, depends on the fuel type and chemistry, the thermal
conductivity of the fuel bed changes the ¢, and a higher oxygen supply rate is expected
due to the increases in ;.. Therefore, additional measurements are needed for different
fuel types and fuel-bed conditions to form a database that can help evaluate and rank their

smouldering fire hazards.

5.3 Conclusions

In this chapter, we experimentally quantify the limiting oxygen supply to sustain dif-
ferent smouldering propagation modes. After ignition in the middle of the fuel bed, by
increasing the flow velocity, smouldering transitions from the unidirectional (opposed)
propagation to the bidirectional (opposed + forward) propagation. The minimum oxidizer
flow velocities to sustain both modes of propagation decrease as the oxygen concentration
increases. The minimum oxygen supply rate for stable smouldering propagation de-
creases with the oxygen concentration and approaches a critical value of 0.08 g/m?-s at
ambient oxygen level. Moreover, smouldering is found to survive at an extremely low
oxygen concentration of 2%, so the value of minimum oxygen concentration (if exists) is

even smaller.
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As the oxygen concentration and oxidizer flow velocity increase, both the mass loss
and peak smouldering temperature increase. Meanwhile, the minimum smouldering tem-
perature is found to be around 300 °C, independent of the oxygen supply conditions. A
simplified heat transfer analysis successfully explains the relationship between the mini-
mum oxygen supply rate and oxygen concentration of smouldering propagation. Future
numerical simulations are needed to reveal the underlying physical and chemical process
of smouldering propagation under different flow conditions. This work provides vital in-

formation about the persistence of smouldering propagation and underground peat fire.
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CHAPTER 6 Modelling oxygen
thresholds: the role of fuel
properties and environmental

conditions
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6.1 Introduction

Smouldering, characterized by its slow, low-temperature, and flameless nature, is one
of the most persistent types of combustion phenomena (Ohlemiller 1985; Rein 2013; Rein
etal. 2016; Torero et al. 2020). This intricate process is sustained when oxygen molecules
directly attack the hot surface of reactive porous media, involving a multitude of elemen-
tary chemical reactions coupled with complex heat-and-mass transfer mechanisms (Anca-
Couce et al. 2012; Song 2022). Smouldering combustion exhibits a dual nature, present-
ing both destructive and constructive potentials. On the one hand, it poses catastrophic
risks to natural environments such as peatlands, coal seams, and forest litter layers (Rein
2013; Song and Kuenzer 2014; Qin et al. 2022a; Yang et al. 2024a), and serves as a
primary contributor to residential fires (Yang et al. 2020; Mitchell et al. 2023). On the
other hand, well-controlled applied smouldering processes offer promising avenues for
syngas production (Toledo et al. 2023), waste remediation (Rashwan et al. 2021a), and
pollution control (Li et al. 2023), playing an important role in the context of our increasing
attention to resources, energy, and environment. Therefore, gaining a deeper understand-

ing of the fundamental principles of smouldering combustion is crucial.

Smouldering combustion is governed by the competition between oxygen supply and
heat loss (Ohlemiller 1985). Previous studies have explored the effects of heat loss on the
smouldering propagation through both experimental (Lin and Huang 2021; Rashwan et
al. 2021a) and numerical approaches (Rashwan et al. 2021b), providing a necessary foun-
dation for hazard mitigation and optimization of industrial applications. Oxygen also
plays a crucial role in heterogeneous oxidations, releasing heat to balance endothermic
processes including pre-heating, drying and pyrolysis reactions, as well as environmental
cooling (Decker and Schult 2004). Consequently, the oxygen threshold and smothering
limit of smouldering combustion are highly important for determining the criteria of
smouldering ignition, propagation, and extinction (Yang et al. 2019; Richter et al. 2021).
However, our understanding of the oxygen threshold (smothering limit) of self-sustaining

smouldering and the underlying mechanisms remains relatively limited.

In the literature, scattered studies have examined the LOC of smouldering combustion
of different biomass fuels under various conditions, including external wind or quiescent

ambient environments. These studies have yielded disparate results, with reported LOC
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values ranging from 10% (Hadden et al. 2013), 13% (Huang and Rein 2016a), and 16%
(Belcher et al. 2010) for peat, 4% (Richter et al. 2021) for wood, to 13.5% (Kadowaki et
al. 2021) for cellulosic material. However, as the diffusion of oxygen from the surround-
ings cannot be completely isolated in the aforementioned studies, the precise amount of
oxygen that penetrated the porous fuel remained undetermined. To fill this gap, in our
recent study (Qin et al. 2022b), we developed a tubular smouldering reactor capable of
precisely controlling the flow of oxidizer with a prescribed oxygen concentration and
flow rate through the porous media. We found that, for high organic porous fuel (e.g.,
peat), the LOC could be < 2%, and the minimum internal oxygen supply rate was approx-
imately 0.08 + 0.01 g/m?s. However, the oxygen threshold of pine needles, a more rep-
resentative forest litter prone to smouldering combustion, has not yet been reported.
Meanwhile, LOC for smouldering of porous fuels is complex that would be influenced
by many factors such as the inherent physicochemical properties of the fuels (e.g., density,
MC, and IC) and environmental conditions (e.g., system heat loss, environment temper-
ature, and even gravity), requiring further investigations (Bar-Ilan et al. 2004; Huang and

Rein 2019; Lin et al. 2022a).

Pine needle litter is a common wildland fuel in coniferous forests prone to fires
(Dupuy 1995; Santoni et al. 2014). It often forms highly porous fuel beds that can ignite
a smouldering fire with a lower energy input and subsequently transition to flaming fires
(StF) under natural wind, posing significant hazards (Thomas et al. 2014; Qiao et al.
2024). Despite many studies have experimentally and numerically investigated the pine
needles and other litters (e.g., duff and mulch) in terms of smouldering kinetics (Ben-
korichi et al. 2017), smouldering ignition (Wang et al. 2017b), smouldering propagation
(Morvan and Larini 2001; Valdivieso and Rivera 2014; Yang et al. 2024b), flammability
(Thomas et al. 2014), and StF (Smouldering to Flaming) transition (Gong et al. 2024;
Qiao et al. 2024), the role of oxygen supply in their near-limit smouldering combustion
is still poorly understood. For the first time, our previous work experimentally investi-
gated the minimum oxygen supply rate of smouldering propagation over pine needle beds
and quantified the effects of bulk density (Qin et al. 2024), but the effect of other physi-
cochemical properties of the fuels and environmental conditions are still unknown. Fur-

thermore, to the best of the authors’ knowledge, no computational model has been estab-
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lished specifically for the oxygen threshold and smothering limit of smouldering com-

bustion with forced internal oxygen supply, highlighting a huge knowledge gap.

To address these knowledge gaps, this chapter built a 1-D computational model for
smouldering combustion based on Gpyro (Lautenberger and Fernandez-Pello 2009) and
previously developed 5-step smouldering kinetics of smouldering pine needles (Rana et
al. 2023). Oxygen was supplied as a forced internal oxidizer flow within porous fuels.
Numerical simulations were performed to investigate the oxygen threshold or smothering
limits specifically for smouldering combustion of pine needle beds as well as smouldering
dynamics under different oxygen supply and then verify the previous experiments and
theoretical analysis. Moreover, the effects of fuel properties (MCs and bulk densities) and
environmental conditions (oxygen concentrations and ambient temperatures) on the

smouldering dynamics were also explored.

6.2 Computational results and discussions

6.2.1 Base cases and model validation

Herein, two base cases (successful and failed self-sustaining smouldering propagation)
were first compared between the experiment and the simulation, where the pine needle
fuel beds were controlled at p,, = 120 + 20 kg/m3 and MC = 5%, and oxygen mass

fraction was set at Y, = 23%. The example temperature profiles of successful and failed

smouldering propagation from experimental and simulation results are compared in Fig.
6-1. Fig. 6-1a shows the experimental measurements under an internal airflow velocity
of 2.6 mm/s, and the simulated temperature profile is presented in Fig. 6-1b for compar-
ison. In general, considering the complex nature of the smouldering process, a satisfactory
agreement can be observed between computational predictions and experimental data. As
depicted in Fig. 6-1 a-b, a two-stage opposed-to-forward smouldering process was ob-
served, consistent with our findings in previous works (Huang and Rein 2019; Qin et al.
2022a). In the opposed-to-forward propagation, upon ignition from the top, a robust re-
action front was established, then a rapid downward propagation was observed, and the
reaction front reached the bottom in 1 h. Subsequently, the smouldering front started to

spread upward concurrently with the oxidizer flow, which was dominated by the char
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oxidation process with a longer duration and a higher temperature. After burnout, from
the experimental residues, it was observed that the char and ash formed a fragile structure
that didn’t collapse naturally. It reduced the surface regression during the burning process,
which was different from other smouldering fuels such as peat or tiny wood chips (Huang
and Rein 2017). When the oxygen supply rate was decreased to below the smouldering
limit, no propagation occurred in experiments and simulations, as exemplified in Fig. 6-1
(c-d). In those scenarios, the insufficient oxygen supply was not able to support the exo-
thermic oxidations that were necessary for the endothermic drying and pyrolysis process.
Therefore, after ignition, the system temperatures at all locations drop without any fluc-

tuations.

Note that the “0O-cm” probe in Fig. 6-1a did not read a high temperature instantly like
that in Fig. 6-1b because of the use of an additional “1-cm ignition layer” on the top of
the tested fuel bed during experiments (see Section 6.3.2). Moreover, there was a clear
fluctuation in the temperature of the forward spread during experiments (Fig. 6-1a), pos-
sibly due to: (1) non-uniform physicochemical properties of the fuel bed, (2) an uneven
smouldering front under oxygen-limited scenarios and (3) random local fuel collapses,
which were inevitable in experiments and difficult to be included in the numerical model.
Furthermore, the establishment of the model involved many assumptions. For example,
the input of physical properties of fuels and their temperature variations were simplified
to constants. Also, this model didn’t consider the microscopic structures of fuel particles,
as well as the random local collapses of char and ash during the propagation of smoul-
dering combustion (Lin et al. 2022a). In addition, the “O: leakage” induced by the uneven
distribution of fuel was impossible to be included in the model (Qin et al. 2024). There-
fore, it is impossible to completely match the experimental and simulated results, espe-
cially the time-evolution temperature profile (Lin et al. 2022a). Nevertheless, the shape
of the predicted temperature profile, peak temperature, and fire spread duration are con-
sistent with the experimental observations. Driven by coupled thermal, chemical, and
transport processes, it is difficult to define a single quantitative spread rate. Further stud-

ies are required to compare the overall spread rate between experiments and simulations.
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(a) Exp. U= 2.6 mmls; Y, =23% (b) Sim. U=2.6 mmls; Y,, = 23%
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Fig. 6-1 Comparisons of temperature profiles from experimental measurement and simulations
results. Successful two-stage smouldering propagation under flow velocity of 2.6 mm/s (a-b);

and failed smouldering propagation under insufficient oxygen supply of 0.3 mm/s (c-d).

Moreover, Fig. 6-2 further summarizes the simulated peak temperatures and burning
durations of smouldering (dash lines), and the experimental results (markers) are plotted
for comparison. In general, simulation showed satisfactory agreement with experimental
results, and our model is therefore further validated. Notably, the effects of oxidizer flow
velocity on the peak temperatures and burning durations were well captured by the model;
that is, as the airflow velocity increased, the smouldering temperature increased while the
burning duration decreased. It is due to more heat released from oxidation reactions with
better oxygen availability, leading to a higher reaction rate. Additionally, the behaviour
that the same fuel can burn for a longer duration under limited oxygen supply also corre-
sponds to the phenomenon where smouldering fires in deep underground environments
can persist for weeks and even months (Rein 2013; Qin et al. 2022a). These smouldering
dynamics in near-limit conditions require further research to be revealed.
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(a) Smoldering temperature, Exp. vs. Sim. (b) Burning duration, Exp. vs. Sim.
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Fig. 6-2 Comparison of experimental and simulation data on smouldering peak temperature (a);
and burning duration (b). The satisfactory agreement validates the capability of computational

model.

Referring to both Fig. 6-1 and Fig. 6-2, the experiment and simulation results exhib-
ited a strong agreement in terms of propagation mode, spread rate, smouldering temper-
ature, and burning duration. This consistency validates the capability of our model to
accurately simulate the propagation and extinction of smouldering combustion driven by

oxygen supply in porous pine needle beds.

6.2.2 Roles of oxygen concentrations

Following the validated model and base cases, we further explored the oxygen thresh-
olds or smothering limits by adjusting the Yy, of internal oxidizer flow. Fig. 6-3a de-
scribes the simulated boundary trendlines for the smothering limits of smouldering com-
bustion, i.e., the Uy,;;, to sustain smouldering under various Yy, . First, the LOC was found
to be 3%, below which smouldering was not able to survive, irrespective of the flow
velocity. Afterwards, the predicted required flow velocity increased with the decreasing
oxygen mass fraction, which was consistent with the trend shown in our previous exper-
imental work on smouldering peat (Qin et al. 2022b). For example, the predicted required

flow velocity increased from 1.6 mm/s to 12 mm/s, as Y,, decreased from 23% to 5%.

Based on previous work (Bar-Ilan et al. 2004; Qin et al. 2022b), at the extinction limit,
the heat generated from the net heterogencous smouldering reactions (g¢y,) should just

balance the C.IIIV’ICa C.I(’:’onv,inﬂ and qg as
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q.;;n,min = qIIVIIC + q(,:,onv,in + qg (6'1)
By further organizing Eq. 6.1, we obtain
q;’m,min = SsmprHevMC + pgcp,gU(Tsm - Too) + (hr + hc)(Tsm - Too) (6-2)

where S,,,, and T, refers to smouldering propagation rate and temperature. For simplic-
ity, the radiative heat loss is linearized by using the radiation heat transfer coefficient (h,.)
(Incropera 2007). On the other hand, the minimum oxidation heat generated can be de-

scribed as
q;;n,min = qu = mgz,minAHox = pg(UYOZ)minAHox (6.3)

where p, is the density of oxidizer flow, and AH,, is the heat of smouldering oxidation.

Therefore, the minimum oxidizer flow velocity and can be derived as

U SsmPwBHeMC + (hr + h) Tom —Too) 1 (Yo, > 3%) (6.4)
i ngOZ AH,, — PgCp.g (Tom — Teo) YOZ —-C > |

where for a specific fuel with a particular MC and density, Sg,,, and T, can be regarded

as constants at the limiting condition of smouldering propagation (Lin et al. 2022a). C =

¢p.g(Tem—Too) . . . .

% is a constant relying on smouldering and ambient temperatures. Therefore,
ox

the minimum gas flow velocity is inversely proportional to the oxygen concentration

1
Yo,-C

(Upin < ) in Eq. (6.4), and the overall trend of simulated results in Fig. 6-3a is

successfully explained. Furthermore, the predicted oxygen supply rate was further calcu-

lated as g, = pyYp,U , and the results are shown in Fig. 6-3b. It is found that 1, in-
creased from 0.45 g/m?:s to 0.8 g/m?-s when Yy, decreased from 23% to 4%. This trend

also agreed well with the trend found in our previous experiments (Qin et al. 2022b).
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Fig. 6-3 Simulation results and boundary trendlines of Uy, vs. Yo, (a); Mg, vs. Yo, (b). The

solid (®) and hollow (O) mark represents numerical results of propagation and extinction, re-

spectively.

6.2.3 Fuel density, moisture and ambient temperature

Fuel dry bulk density (pg4r-,) and MC is expected to vary in applied smouldering sys-
tems and wildfire scenarios. More importantly, they were found to play a significant role
in the propagation and extinction of smouldering combustion (Huang and Rein 2017).
Herein, the sensitivity of the oxygen thresholds or smothering limits to fuel MC was ex-
plored by varying MC within a range of 5% and 120% (dry basis). Note that the fuel dry
bulk density was controlled as pgry, = pyer/(1 + MC) that the volume expansion from

absorbing water can be balanced (Huang and Rein 2017).

Computational results showed that the required airflow velocity was significantly in-
fluenced by pgry, (Fig. 6-4a) and MC (Fig. 6-4b). On the one hand, as the pg,-, increases,
the required airflow velocity was predicted to decrease (Fig. 6-4a), well agreeing with
previous findings (Qin et al. 2024). For example, when MC is 50%, as the fuel dry bulk
density increases from 50 kg/m? to 300 kg/m?, the airflow velocity required for sustaining
smouldering was predicted to decrease from about 7 mm/s to 3 mm/s. As the fuel dry
bulk density, the effective thermal conductivity of the fuel will increase (Incropera 2007),
thus increasing the heat transfer efficiency between the burning zone and virgin fuels and

lowering the oxygen required for sustaining smouldering propagation (Qin et al. 2024).
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Fig. 6-4 Simulation results of the role of pg;-y, (a), MC (b), and T, (¢) on oxygen threshold of

smouldering combustion.

On the other hand, as the fuel MC increases, the required airflow velocity was pre-
dicted to increase, as shown in Fig. 6-4b. For example, as MC increased from 5% to 50%,
the required oxygen supply for high-density pine needles (pgry = 150 kg/m?) rose from

about 2 mm/s to about 5 mmy/s. This trend can be also explained by Eq. 6.4, where U,,,;,,
97



increases as §yc increases; that is, a higher airflow velocity is required to intensity the
reactions that release more heats to overcome the heat loss due to the water evaporation.
Furthermore, the maximum MC capable of supporting smouldering is about 110% (Fig.

6-4b). Beyond this limit, smouldering was not able to be sustained regardless of oxygen

supply.

In real fire scenarios, the ambient temperature can be much higher which may lead to
a different oxygen threshold. Therefore, the effect of T,, was also investigated and sum-
marized in Fig. 6-4¢. In order to focus on the T, the process of water freezing caused by
sub-zero temperature was out of the scope of this study. As a result, the temperature range
under investigation was limited to 0-70 °C. Predicted results showed that the required
airflow velocity decreases as T,, increases. For example, given a fixed fuel MC of 5%, as
the ambient temperature increases from 10 °C to 70 °C, the predicted required airflow
velocity decreases from about 1.7 mm/s to about 1.4 mm/s. This could be also explained
by Egs. 6.2-6.3, where the convective and radiative heat loss will decrease as T,, increases,

leading to a lower airflow velocity required for self-sustaining smouldering propagation.

6.2.4 Smouldering temperature and spread rate

Smouldering temperature (T,,) and spread rate (S,,) are two key parameters that
describe the smouldering behaviours and reflect the intensities of reactions and the rates
of fuel consumption. Therefore, Fig. 6-5 and Fig. 6-6 further compare the effects of MC
and bulk density on the T, and S,,, and each curve was controlled to have the same

g, First of all, at the smothering limit, the minimum smouldering temperature and
propagation rate were predicted to be around 300 °C and 0.5 cm/h, and the predicted T,
and S, both increase as 71y, increases, agreeing well with the literature (Yerman et al.
2016; Zhang et al. 2023; Song et al. 2024). By considering a 1-step global smouldering

reaction, the smouldering burning flux can be described as

I

03

Mg = pSsm = X Tsm (6.5)

where v is the stoichiometric factor. The decline in peak temperature with increasing

MC is primarily interpreted as a result of evaporative cooling, where latent heat absorp-
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tion during water vaporization limits further temperature rise. A more detailed mechanis-
tic investigation will be pursued in future work. By further reorganizing Eq. 6.5, we ob-
tain:

mg mg,

S, =— = 6.6
== (6.6)

Therefore, as the my, , Increases, the reaction rate of smouldering combustion in-

creases, leading to a higher smouldering temperature and spread rate.
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Fig. 6-5 The peak temperature as a function of fuel MC (a), and pg, (b). All curves are trend

lines with fixed oxygen supply of simulated results.
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Furthermore, Fig. 6-5 a-b shows the smouldering peak temperature will decrease with
the increase of MC or the decrease of dry bulk density in pine needle beds, while Fig. 6-6
shows the predicted smouldering propagation rate will decrease as the MC and bulk den-
sity increase. On the one hand, as the MC increases, extra heat is required to dry the fuel
before ignition and propagation, leading to a lower smouldering temperature and propa-
gation rate. On the other hand, if the density of fuel increases, both y and k; will decrease.
This leads to a higher smouldering temperature but a lower propagation rate as the heat
is easier to accumulate and more difficult to dissipate within the fuel due to a lower ther-
mal conductivity (Qin et al. 2024), consistent with the trend shown in Fig. 6-5 and Fig.
6-6. Moreover, it is noteworthy that the smouldering temperature is more sensitive to the
oxygen supply rather than MC and bulk density, agreeing with previous studies (Huang
and Rein 2017). For example, when the air flow rate was stabilized at 3 g/m?-s, as the
MC was reduced from 20% to 5%, the smouldering temperature was only decreased by
20 °C. However, if the air flow rate was increased from 3 g/m?s to 5 g/m*-s, the smoul-
dering peak temperature was significantly increased by 100 °C. Nevertheless, more fun-
damental studies are still needed to unravel the underlying mechanisms governing the

smouldering propagation.

6.3 Conclusions

In this chapter, we employed numerical simulations to investigate the oxygen supply
thresholds or smothering limits of smouldering combustion of pine needle beds. The
model integrating heat-and-mass transfer and 5-step heterogeneous chemistry was estab-
lished using open-source code Gpyro and was successfully validated through well-con-
trolled experiments. Subsequently, the required oxidizer flow velocity or oxygen supply
rate was predicted to increase as the oxygen concentration decreased. Notably, the pre-
dicted limiting oxygen concentration specially for smouldering combustion was about

3%, agreeing well with both the experimental observations and theoretical analysis.

Then, the sensitivity of the oxygen thresholds or smothering limits to fuel density,

MC and environmental temperature was further explored. Computational results revealed
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that the required airflow velocity for smouldering combustion increased as the fuel den-
sity or environmental temperature decreased. However, the required airflow velocity was
predicted to increase as the MC increased, and the predicted maximum MC capable of

supporting smouldering was about 110%.

Finally, the smouldering peak temperature was predicted to decrease as the MC in-
creased or the bulk density decreased, while the predicted smouldering propagation rate
was predicted to decrease as the MC and bulk density increase, consistent with the theo-
retical analysis. At the smothering limit, the minimum smouldering temperature and prop-

agation rate were predicted to be around 300 °C and 0.5 cm/h.
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CHAPTER 7 Prediction of
emission factors of wildland fires

using machine learning methods
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7.1 Introduction

It is estimated that nearly half of the global population (3.5 billion people) reside in
WUI areas (Schug et al. 2023). The accumulation of abundant fuels, including buildings,
furniture, vehicles, and vegetation has resulted in significant fire risks. WUI fires can lead
to severe direct losses of human life and habitat. More importantly, fire emissions from

WUI fires may pose long-term adverse impacts on human health and the environment.

EFs are important characterization parameters to estimate total fire emissions (Akagi
et al. 2011). However, most current studies on EFs are limited to very few experimental
data, and estimations often rely on a rough average value. Accurate total emission esti-
mation requires deeper insights into how factors such as fuel type and properties influence
fire emission characteristics. But to date, no models have been developed to account for

these factors in predicting EFs, which is a critical knowledge gap.

In recent years, machine learning (ML) has been widely applied across research fields
and industries. These models have played an important role in fire research. For example,
ANN methods has been used to predict the thermal decomposition properties (Chen et al.
2023c) and fire heat release rate (Wang et al. 2022b), demonstrating their ability to un-
cover complex and hidden correlations among fire-related variables. However, fire emis-
sion characteristics are also important and highly complex, and no existing physical mod-
els can fully explain or predict EFs. In this context, ML offers a possibility to predict EFs

from fuel physical properties.

This paper aims to compile a dataset of WUI fire EFs from the literature, including
information on fuel type, fuel density, combustion modes (flaming or smouldering), ap-
paratus, and test scale. Based on this database, an ANN model is established to correlate
physicochemical parameters with EFs and predict CO2, CO, and TPM emissions from
common WUI fuels. This study enhances the understanding of WUI fire emissions, their

atmospheric impacts, and the public health effects associated with PM exposure.
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7.2 Preliminary results and discussions

7.2.1 Data collection

Firstly, this study compiles the EFs of typical WUI fuels in the literature. At the very
first stage, only EFs of CO,, CO, and TPM are focused on. The reasons are: (1) CO, CO,
and TPM are among the most fundamental and important fire emissions, making them
suitable targets for prediction and analysis; (2) There are limited number of studies
providing CH4 and PM2 s emission data, resulting in an insufficient dataset for training
ML models. Other emissions, such as NO, NOx and total hydrocarbon (THC), are also
collected for further investigation, but are not used for current model. The number of

valid EF data collected for each species is shown in Table 7-1.

Table 7-1 Number of valid EF data points collected for each species from literature.

Emission CO: CO TPM NO NO2 NOx HCN HCl SO, THC

Amounts 357 393 186 48 43 171 175 132 69 72

The input parameters for the model include fuel type, density, combustion mode, test
scale, thermal conditions, and oxygen conditions (Fig. 3-6). These factors were selected
because they represent the key physical and environmental variables influencing fire
emissions. Fuel properties, such as type and density, determine combustion efficiency
and pyrolysis behaviour, directly affecting emissions. Combustion mode and test scale
influence heat transfer, flame behaviour, and the completeness of combustion, which are
critical in EF variations. Additionally, thermal conditions and oxygen supply play funda-
mental roles in controlling reaction kinetics, oxidation efficiency, and pollutant formation.
By incorporating these parameters, the model aims to establish a robust correlation be-
tween fire conditions and emission characteristics, enabling a more accurate prediction
of EFs across different fire scenarios. The detailed ANN structure and training procedure

can be found in Section 3.3.
7.3.2 MSE loss curves for ML model
Fig. 7-1 presents the loss curves of the ML models for predicting CO, CO», and TPM

104



emissions. The loss decreases consistently across all models, indicating effective learning
and convergence. The CO model exhibits a steady decline with minor fluctuations, sug-
gesting some sensitivity to data variability. The CO, model starts with a significantly high
loss, which drops sharply within the first 50 iterations before gradually stabilizing, re-
flecting the large numerical variations in CO; emission factors. The TPM model demon-
strates the fastest convergence, with a smooth decline in loss, suggesting that the under-
lying relationships in the data are more readily captured. Overall, these trends confirm
the models’ ability to learn the complex correlations between input features and emission
factors. However, the final MSE for three species are still relatively large. The reasons

will be discussed in Section 7.3.4.
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Fig. 7-1 MSE losses for ANN model training and validation.

7.3.3 R’ for ANN model predictions

Fig. 7-2 further compares the predicted value against the true value in the test set of
the three emission species. The R’ values for CO, CO2, and TPM are 0.56, 0.62, and 0.61,
respectively, indicating a reasonable predictive performance. The results suggest that the
model effectively captures the underlying relationships between input parameters and
emission factors, despite some scatter around the 1:1 reference line (red dashed line). The
R? values above 0.5 demonstrate that the model explains a substantial portion of the var-
iance in emission factors, making it a useful tool for estimating fire emissions based on

given fuel and combustion conditions.
Notably, the prediction errors are generally higher for extreme EF values, especially
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under heavy-emission conditions. This is expected given that absolute error often scales
with the magnitude of the predicted results, while the relative (percentage) error remains
within an acceptable range. Additionally, these high-EF cases are more challenging due
to limited training data and increased variability in the combustion environment. Future
work will address this by incorporating more high-emission samples and testing uncer-

tainty-aware models to improve predictions under extreme scenarios.
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Fig. 7-2 Predicted vs. true values in the test set.

7.3.4 Limitations and future work

Despite the preliminary results demonstrate an acceptable prediction of emission fac-

tors, several limitations must be acknowledged:

(1) High variability and uncertainty in fire emission data. Fire emissions inherently
exhibit significant variability due to differences in fuel composition, combustion condi-
tions, and environmental factors. These uncertainties introduce challenges in model gen-

eralization and predictive accuracy, limiting the robustness of EF estimations.

(2) Limited data availability. The dataset used in this study is constrained by the
availability of emission factor data in the literature. Many studies report emissions under
specific conditions, leading to data gaps and an uneven distribution of samples across
different fire scenarios. Additionally, variations in measurement techniques and the ab-
sence of reported error bars further contribute to uncertainties. Improving the dataset size
and quality by incorporating more comprehensive and standardized measurements would

enhance model reliability.

106



(3) Potentials for using more ML algorithms. While the ANN model provides rea-
sonable predictions, alternative ML approaches such as random forests, support vector
machines, and ensemble learning techniques could be explored to improve performance.
A systematic comparison of different models would help identify the most effective ap-

proach for capturing complex relationships in fire emission data.

To further enhance the applicability and impact of this research, two key directions
are proposed. First, an interactive online tool will be developed, allowing users to input
relevant combustion parameters and obtain predicted emission factors using the trained
model. This tool would make the model accessible to researchers and policymakers who
are working on fire emissions and atmospheric impact assessments. Second, a framework
and database submission interface will be established to standardize experimental proce-
dures and facilitate data sharing. By enabling researchers to contribute their experimen-
tally measured emission factors under consistent testing conditions, this initiative would
improve dataset quality, ultimately leading to a more robust and accurate predictive

model.

7.3 Conclusions

This on-going study developed an ML-based approach to predict EFs of WUI fires,
addressing a critical gap in emission estimation methods. A dataset of WUI fire EFs was
compiled from the literature, incorporating key influencing factors such as fuel type, den-
sity, combustion mode, test scale, thermal conditions, and oxygen supply conditions. An
ANN model was trained to establish correlations between these parameters and the EFs

of CO,, CO, and TPM.

The model evaluation demonstrated reasonable predictive performance, with R’ val-
ues of 0.56, 0.62, and 0.61 for CO, CO, and TPM, respectively. These results indicate
that the model effectively captures underlying relationships between fire conditions and
emissions, providing a useful tool for estimating fire emissions when direct measure-
ments are unavailable. However, the study also highlights several limitations, including
the inherent variability and uncertainty in fire emission data, limited data availability, and

the need for further exploration of alternative ML models to improve prediction accuracy.
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CHAPTER 8 Estimating public
health impact from 2014-2015
South-east Asia smouldering

wildfires
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8.1 Introduction

Peat is a carbon-rich organic soil that accumulates substantial amounts of partially
decomposed vegetation under anaerobic conditions (Hugron et al. 2013). Peatlands serve
as critical terrestrial carbon reservoirs and store approximately one-third of the world’s
soil carbon (500-600 Gt C), which is comparable to that in global surface vegetation and
approaches the size of the atmospheric carbon pool (~850 Gt C) (Ballhorn et al. 2009;
Turetsky et al. 2015). In addition to their carbon storage capacity, peatlands contain po-
rous, charring natural fuel that is highly vulnerable to smouldering fires, especially when
lowered water tables during extended dry spells, such as those driven by El Nifio condi-
tions, expose the peat to drier environments. El Nifio events have repeatedly coincided
with widespread peat fires in Indonesia, Malaysia, and other parts of South-east Asia,

leading to elevated fire activity and recurrent degradation of extensive peatland areas.

Smouldering peat fires in South-east Asia are marked by their exceptional persistence,
often burning for weeks or even months within deep peat layers (Rein 2016; Qin et al.
2022a). Unlike flaming combustion, which spreads rapidly at higher temperatures, smoul-
dering occurs at lower temperatures (ranging from approximately 450—-700 °C) and prop-
agates slowly through the porous peat matrix. This low-temperature oxidation process is
especially difficult to detect and suppress because it often continues underground, away
from direct observation, thereby posing significant challenges to effective land manage-

ment and fire control (Lin et al. 2020b).

Smouldering smoke from peatland fires are chemically distinct and often more haz-
ardous than those from flaming fires (Stockwell et al. 2016; Hu et al. 2018). Due to in-
complete oxidation at relatively low temperatures, smouldering releases higher propor-
tions of toxic and health-relevant pollutants, including PM (especially PM> 5), CO, VOCs,
etc. These emissions are not only detrimental to local air quality but also contribute sig-
nificantly to regional and global carbon budgets. For instance, the 1997 El Niio-induced
peatland mega-fire in Indonesia triggered the transboundary 1997-1998 Southeast Asia
haze, affecting 100 million people across five countries and causing an estimated US$4.5

billion in damages (Heil and Goldammer 2001; Page et al. 2002).

More importantly, haze poses severe threats to public health. Elevated concentrations
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of PM2 s and other pollutants have been linked to respiratory and cardiovascular morbid-
ity, with hospital admissions rising sharply during prolonged haze periods (Emmanuel
2000; Wu et al. 2021; Lou et al. 2023). Epidemiological evidence indicates that the 1997
Southeast Asian transboundary haze posed acute health risks to 105 million people,
mainly in Indonesia, Singapore, Malaysia, Brunei, and Thailand. In South Sumatra, acute
respiratory infections increased 3.8-fold from 1996 to 1997 (Hinwood and Rodriguez
2005). Haze pollution was also associated with 16,400 infant and foetal deaths in Indo-
nesia. (Jayachandran 2009).

In this ongoing work, we aim to quantify the public health impact of extensive smoul-
dering peat fires in Southeast Asia. The most recent mega peat fire during the 2014-2015
El Nifio event is selected as a case study. We employ two widely used satellite-derived
fire emission inventories, GFED4 and GFAS, to represent the magnitude and spatial dis-
tribution of peat fire emissions. Compared to earlier studies, which often relied on older
or less regionally representative datasets, these inventories offer improved coverage and
resolution for Southeast Asian peatlands. The emissions are then integrated into the
GEOS-Chem chemical transport model to simulate atmospheric concentrations of PMa s
and other key pollutants across the region. Finally, we apply the updated GEMM-5COD,
which has shown improved performance over traditional CRFs, particularly under lower-
to-moderate pollution levels, to estimate the excess mortality attributable to peat fire
smoke during this period. Although the ANN-based EF model developed in Chapter 7 is
not yet incorporated, the current framework already reflects several methodological ad-

vancements over previous regional assessments.

8.2 Preliminary results and discussions

8.2.1 Fire-sourced PM2.5 concentrations

Fig. 8-1 describes annual averaged fire sourced PM2 5 concentrations in EQAS region.
First, comparison of Fig. 8-1 a-c and d-f indicates that the PMa s distributions derived
from GFAS and GFED4 are generally consistent. Both datasets capture similar spatial
patterns and magnitudes of haze pollution, suggesting that their underlying emission es-

timates for the 2014-2016 period are broadly comparable.
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Furthermore, during the 2014-2015 El Nifio event, severe haze events are evident over
large parts of Sumatra, Kalimantan, and the surrounding regions in Indonesia, with nota-
ble spillover effects across peninsular Malaysia and Singapore. Elevated PM; 5 levels are
also observed to a lesser extent over parts of southern Thailand and the southern Philip-

pines, underscoring the extensive transboundary impact of these smouldering peat fires.

However, in contrast to the El Nifo period, Fig. 8-1 e and f show considerably lower
PMa s concentrations in 2016 under La Nifia conditions. The cooler and wetter climate,
coupled with higher water tables, likely suppressed peat fire activity, resulting in fewer

and less intense fires and consequently reduced PM; 5 emissions across the region.
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Fig. 8-1 Annual averaged fire sourced PM, s concentrations in EQAS. The calculation is based
on GFAS (a-c) and GFED4 (d-f) emission inventories and GEOS-Chem global chemical

transport model.
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Fig. 8-2 compares the annual averaged fire sourced PM2.s concentrations in major
EQAS countries (i.e., Indonesia and Malaysia) with the total EQAS area. Overall, both
datasets show a substantial increase in PMa s during the 2014-2015 EI Nifio conditions
compared to 2016, highlighting the strong influence of climate anomalies on fire activity.
As shown in Fig. 8-1, the majority of peat fire emissions are concentrated in Indonesia’s
Sumatra Island, leading to relatively high local PM2 s levels in that region. However, when
averaged over the entire country, Indonesia’s overall PM2 5 concentration appears lower
because of its extensive land area, which includes regions with comparatively minimal
fire activity. It should be noted that Malaysia exhibits the highest annual averages, with
PM, s concentrations exceeding 20 pg/m? in 2015 when using both datasets. This demon-
strates the significant transboundary impact of Indonesian peat fires. By contrast, during
the 2016 La Nina phase, all regions record considerably lower PM, s levels (below 10
ng/m>), reflecting the effect of climate on peat fire emissions. Despite some quantitative
differences between GFAS and GFED4, both datasets display broadly similar trends, in-

dicating a consistent representation of annual variability in peat associated haze.
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Fig. 8-2 Annual averaged fire sourced PM> s concentrations in Indonesia, Malasia, and total

EQAS area.

8.2.2 Fire-associated premature deaths

Fig. 8-3 compares the estimated premature deaths attributable to fire-sourced PMa s
exposure for the EQAS region (blue bars), Indonesia (green bars), and Malaysia (red bars)
in 2014 and 2015, as calculated using GFAS (left column) and GFED4 (right column).
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Overall, both datasets indicate a substantial increase in PM2 s -related mortality from 2014
to 2015. According to both datasets, the total deaths across the EQAS region reached
70,000-80,000 in 2014 and exceed 130,000 in 2015. Indonesia consistently accounts for
the largest portion of these deaths, due to large population. In Malaysia, the corresponding

estimates range from approximately 10,000-20,000 in 2014 and 20,000-30,000 in 2015.
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Fig. 8-3 Premature deaths due to fire-sourced PM» s exposure based on GFAS and GFEDA4.

Fig. 8-4 shows annual premature deaths attributed to fire-sourced PM> s for the EQAS
region, Indonesia, and Malaysia in 2014 (a-b) and 2015 (c-d), separated by five causes
of death: Lower Respiratory Infections (LRI), Ischemic Heart Disease (IHD), Stroke,
Chronic Obstructive Pulmonary Disease (COPD), and Lung Cancer. Fig. 8-4 a and ¢ are
based on GFAS data, while Fig. 8-4 b and d use GFED4. Although there are minor dif-
ferences in magnitude between GFAS and GFED4, both exhibit similar distributions
across the five CODs.

In general, IHD and Stroke contribute the largest share of estimated mortality, with
LRI, COPD, and Lung Cancer accounting for lower but still significant portions. By 2015,
all CODs show a marked increase in deaths, consistent with the intensified peat fire ac-
tivity during El Nifio. Indonesia suffers the highest premature death burden in both years,
while Malaysia experiences a smaller yet notable rise in each COD from 2014 to 2015.
Overall, the figures highlight how smouldering peat fire emissions can pose substantial

health impacts across multiple diseases, particularly during severe fire seasons.
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Fig. 8-4 Premature deaths caused by 5 Cause of Death (COD): including Ischaemic Heart Dis-
ease (IHD), Lung Cancer, Stroke, Chronic Obstructive Pulmonary Disease (COPD), and Lower
Respiratory Infections (LRI).

8.2.3 Limitations and future work

First, this study only focuses on a relatively short time span (2014-2016) and uses
South-east Asia as a case study, which may limit the generalizability of our findings. A
more extensive analysis covering a temporal range and broader spatial regions would

offer deeper insights into the global impacts of smouldering peat fires.

Second, the reliance on country-averaged PMa s concentrations may underestimate
exposure in large countries, e.g., Indonesia, where fire activity and population distribu-
tions can vary considerably. Future research should incorporate population-weighted

models to improve the accuracy of health impact assessments.

Finally, although peat fires are the dominate form in the EQAS region, the current
work employs GFED4 and GFAS, which do not explicitly distinguish peat fires from

general wildfires. More precise estimates could be obtained by integrating specialized
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peat fire datasets. In addition, future work will use our established ML models to improve

the peat fire emission inventories.

8.3 Conclusions

This study demonstrates that smouldering peat fires in South-east Asia, particularly
during the 2014-2015 El Nifo event, substantially elevated regional PM; s levels and
associated health risks. Our analysis using GFAS and GFED4 fire emission inventories,
coupled with GEOS-Chem simulations and GEMM epidemiological model, reveals that
fire-sourced PM2 5 concentrations were markedly higher during El Nifio conditions com-
pared to the subsequent La Nifa period. Specifically, the total deaths across the EQAS
region reached 70,000-80,000 in 2014, and exceed 130,000 in 2015. Indonesia consist-
ently accounts for the largest portion of these deaths. Among the five causes of death
considered, Ischaemic Heart Disease and Stroke are the primary contributors to fire-as-

sociated premature deaths.

However, our analysis is limited by its short temporal span and regional focus, and
the use of country-averaged PM> s may underestimate exposure in large, heterogeneous
countries. Future work should extend the temporal and spatial scope, incorporate popula-
tion-weighted exposure models, and utilize specialized peat fire datasets and our pro-
posed EF prediction models by ML to improve emission estimates and health impact as-

sessments.
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CHAPTER 9 Conclusions and

outlook
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9.1 Conclusions

This thesis conducts a comprehensive study on smouldering wildfires, including the
combustion thresholds, emissions predictions, and public health impacts. Guided by the
objectives, this thesis 1) investigated the combustion dynamics of underground smoul-
dering fires, 2) explored the oxygen thresholds for sustaining combustion using a novel
forced internal oxygen supply reactor, 3) developed and validated a numerical model to
capture the critical oxygen supply characteristics, 4) built an ML model to predict emis-
sion factors from various WUI fuels, 5) re-assessed the public health impacts of smoul-
dering peat fires in South-east Asia during 2014-2015 by integrating fire BA data, fire
radiative power data, chemical transport models, and epidemiological models. The key

findings of each result chapter are summarized as follows:

Chapter 4 experimentally demonstrated that smouldering underground fires could
sustain in deep soil layers for more than 10 days, regardless of the initial burning position.
As the initial burning position becomes deeper, four smouldering burning modes can be
observed: (I) downward propagation, (II) upward-and-downward propagation, (III) in-
depth propagation, and (IV) no propagation (local burning). For the in-depth fire propa-
gation and localised burning, no visual smoke, noticeable collapse, or regression was ob-
served, indicating the difficulty of detecting deep peat fires. In addition, the CO concen-
tration near the surface varies on the order of 10 to 10 ppm, which can be used to detect
underground fires and monitor its intensity. High peat MC can slow down in-depth fire

propagation and reduce the burning duration.

Considering persistent nature of smouldering peat fire under oxygen-limited condi-
tions, Chapter 5 designed a novel combustion reactor to experimentally quantify the lim-
iting oxygen supply to sustain different smouldering propagation modes. Following igni-
tion at the middle of the fuel bed, increasing the flow velocity causes the smouldering to
transition from unidirectional (opposed) to bidirectional (opposed and forward) propaga-
tion. The minimum oxidizer flow velocities to sustain both modes of propagation de-
crease as the oxygen concentration increases. The minimum oxygen supply rate for stable
smouldering propagation decreases with the oxygen concentration and approaches a crit-

ical value of 0.08 g/m?s at ambient oxygen level. Moreover, smouldering is found to
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survive at an extremely low oxygen concentration of 2%, so the value of minimum oxy-

gen concentration (if exists) is even smaller.

Building on the findings of Chapter 5 and to extrapolate the experimental results,
Chapter 6 employed numerical simulations to investigate the oxygen supply thresholds
or smothering limits of pine needle beds. The model integrating heat-and-mass transfer
and 5-step heterogeneous chemistry was established using an open-source code Gpyro
and was successfully validated through well-controlled experiments. Subsequently, the
required oxidizer flow velocity or oxygen supply rate was predicted to increase as the
oxygen concentration decreased. Notably, the predicted limiting oxygen concentration
specially for smouldering combustion was about 3%, agreeing well with both the exper-

imental observations and theoretical analysis.

To better evaluate the impact of smouldering fires, Chapter 7 developed an ML-based
approach to predict fire EFs in WUI fires, addressing a critical gap in emission estimation
methods. A dataset of WUI fire EFs was compiled from the literature, incorporating key
influencing factors such as fuel type, density, combustion mode, test scale, thermal con-
ditions, and oxygen supply conditions. An ANN model was trained to establish correla-
tions between these parameters and the EFs of CO,, CO, and TPM. The results showed
R? values of 0.56, 0.62, and 0.61 for CO, CO2, and TPM, respectively, demonstrating a
robust predictive performance. However, the model can be further improved by increas-
ing the dataset size, enhancing data quality, and exploring additional ML algorithms,

among other approaches.

Integrating fire emission inventories, GEOS-Chem simulations and GEMM epidemi-
ological model, Chapter 8 demonstrates that smouldering peat fires in South-east Asia
substantially elevated regional PM> s levels and associated health risks, particularly dur-
ing the 2014-2015 El Nifo event. Specifically, the total deaths across the EQAS region
reached 70,000-80,000 in 2014 and exceed 130,000 in 2015. Indonesia accounts for more
than half of these deaths. Among the five causes of death considered, Ischaemic Heart

Disease and Stroke are the primary contributors to fire-associated premature mortality.
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9.2 Outlook

The findings of this thesis provide valuable insights into the fundamental dynamics
and impacts of smouldering fires, while also highlighting several areas that require further

exploration and improvement in the following aspects:

e (Current experiments and numerical model on smouldering oxygen thresholds are sim-
plified into one-dimension. Future work should extend beyond the current one-dimen-
sional framework to investigate the influence of boundary heat loss on smouldering
combustion dynamics, which remains a critical yet underexplored factor in realistic

fire scenarios.

e The largest-scale experiments conducted in this study were limited to a 1-meter-deep
fuel bed. Therefore, laboratory and field experiments in larger scales are necessary to
validate the persistence and propagation characteristics of deep peat fires under natu-

ral conditions.

e The emission factor prediction model, currently achieving an R’ value of only 0.5-0.6
due to limitations in dataset size and quality, would benefit from an expanded and
improved database, as well as the exploration of alternative algorithms to enhance

prediction accuracy.

e Current public health impact analysis focused on the 2014-2016 period in South-east
Asia. Future studies should adopt broader temporal and spatial scales to systemati-
cally assess the global premature mortality and broader public health implications
associated with smouldering fires. Meanwhile, the newly established ML model will

help characterize EFs, enabling more precise predictions of public health impacts.
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