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Abstract

This study investigates the combustion behavior, emissions, and aerosol production
of four plant species: Laurus nobilis, Cistus monspeliensis, Photinia fraseri, and Cupres-
sus sempervirens. The Heat Release Rate (HRR) and Smoke Production Rate (SPR)
were measured, revealing that Cupressus sempervirens had the highest HRR and lon-
gest flame duration due to its higher bulk density. Emission Factors (EFs) for key
compounds such as CO,, CO, NO, and aerosols showed significant variation by spe-
cies. Aerosol analysis indicated that the combustion of all plants primarily emitted
fine particles, with the majority being ultrafine particles (PMg 1), particularly in the
25-130-nm range. Particle size distributions were bimodal in number but monomodal
in volume. These findings highlight the impact of plant characteristics on fire behavior

and emissions, with significant implications for understanding fire dynamics in
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1 | INTRODUCTION

Wildfires are both natural and human-caused events that have signifi-
cant impacts on ecosystems, human health, and the environment.
These fires can, on the one hand, destroy infrastructure and lead to
fatalities. In recent years, as a result of global warming, the hot and
dry seasons are getting longer, and forest fires are becoming more
intense and destructive. Major fires in Canada, California, Australia,
Greece, and Gironde have forced the evacuation of large numbers of
people, destroyed thousands of structures, and resulted in increas-
ingly high insurance costs. Even more tragically, they cost the lives of
many local residents.!™® As well as climatic conditions that favor the
ignition and spread of fires, these regions are also characterized by
areas where wild or ornamental vegetation mixes with human habita-

tion, forming what are known as wildland-urban interfaces (WUIs).

wildland-urban interfaces.

Aerosols, Elpi +, Heat Release Rate, Smoke, Smoke production Rate (SPR)

There are different types of WUI, such as linear areas, where natural
forest vegetation, ornamental vegetation, and human infrastructure
are separated by a line, and intermingled areas, where vegetation and
human structures are completely intertwined.®” In the current context
of climate change and demographic expansion, WUIs are an emerging
issue in fire safety science. In addition, human pressure on forests
continues to increase, leading to an increased risk of property destruc-
tion and injury.® Forest fires in the WUI are particularly critical situa-
tions, as they present a high risk to human life and property due to
the proximity of inhabited areas to wooded areas.?®

As well as being destructive, forest fires emit large quantities of
smoke, which is known to be toxic and can cause death. Recent tragic
fires in southern Europe illustrate this reality, with 115 deaths in
Portugal in 2017 and 102 deaths in Greece in 2018.° During these

fires, residents and firefighters were trapped, exposed to large
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quantities of smoke and suffocated, leading to deaths in their homes
and on the roads.*¢ Wildfires release a range of air pollutants, such as
fine and ultrafine particles, volatile organic compounds (VOC), and
semi-volatile organic compounds (SVOC), including aldehydes, polycy-
clic aromatic hydrocarbons (PAH), and other organic and inorganic
compounds, as well as nitrogen oxides (NOx), carbon monoxide (CO),
and carbon dioxide (CO,).”*” Smoke aerosols are heterogenously dis-
tributed among different size of particles. Through the analysis of
their composition and morphology, distinct types of aerosols have
been identified, including soot, tars, and organic particles containing
inorganic inclusions predominantly composed of potassium, chlorides,
and sulfates called ashes. These findings are based on emissions from
savanna and forest fires.'®'? These studies demonstrate that the par-
ticles emitted by these fires exhibit a wide range of shapes and com-
positions, highlighting the complexity of combustion processes and
chemical interactions in these natural environments. Inhaling smoke
emissions can cause acute and chronic respiratory problems, as well
as irritations of the eyes, throat, and respiratory tract. It can also lead
to neurological, cardiovascular, and microvascular health effects.?°-22
Fine particles, especially, can penetrate deeply into the respiratory
tract and cause or worsen respiratory, cardiovascular, and neurological
problems.?° Inhalation of wildfire smoke can result in increased hospi-
talizations for respiratory problems, asthma exacerbations, eye and
throat irritations, headaches, dizziness, and other symptoms. The most
vulnerable populations, such as children, the elderly, and those with
preexisting cardiorespiratory diseases, are particularly at risk.2® Emis-
sions from biomass burning depend mainly on the fuel composition,
fuel moisture content, fuel load, fire intensity and combustion
type‘23‘24

It is important to characterize the smoke emitted in WUIs
because the pollutants it contains can vary depending on the type of
fuel, whether it is forest vegetation or ornamental plants. This smoke
can also enter homes and is often responsible for fatalities in wildland
fires. An effective strategy for preventing fires in the wildland-urban
interface is to manage vegetation around buildings by creating hori-
zontal and vertical fuel breaks, which help reduce fire intensity and
spread. However, post-fire studies have shown that the presence of
ornamental trees and hedgerows in residential areas can actually facil-
itate the spread of fire towards buildings.® In order to develop effec-
tive methods for reducing fire risk in WUIs, it is important to better
understand how different types of vegetation burn, and how the
resulting smoke affects human health. The emission of air pollutants
from fires in these areas poses significant challenges to both human
health and air quality, affecting not only emergency responders but
also the populations living in these vulnerable zones.

This paper presents the findings of an experimental study investi-
gating the composition of smoke emitted during the combustion of
plant fuels. The influence of four plants was examined: one native to
the Mediterranean, and three ornamental species commonly found in
WUI. The plants examined were Cistus monspeliensis, Laurus nobilis,
Photinia fraseri, and Cupressus sempervirens. The aim of this study was
to observe the smoke emitted and the fire behavior of these plants
when exposed to a fire front spreading over a bed of wood wool on a
laboratory scale. The plants were ignited using a Large-Scale Heat

Release (LSHR) apparatus. This ignition method was selected to simu-
late a fire that originated from an underlying layer of burning herba-
ceous vegetation, which has the highest probability and frequency of
occurrence in the defensible zone due to fuel management practices.
The mass loss and heat release rate (HRR) of the burning vegetation
were quantified. The smoke was analyzed using a Fourier Transform
Infrared Spectrometer (FTIR) and an Electrical Low-Pressure Impactor
(ELPI+). This article presents the experimental procedure employed in

this study, followed by a discussion of the results.

2 | MATERIALS AND METHODS

21 | Experimental procedure

Twenty burning experiments were carried out in this experimental
campaign, five for each species of plants. The experiments were con-
ducted under a 1 MW LSHR apparatus with a 3 m x 3 m hood and a
1m2. s~ extraction system coupled to an Antaris IGS FTIR Spec-
trometer (ThermoFisher Scientific) and an ELPI+ (Addair) (Figure 1).
Four plant species commonly found in WUI in the Mediterranean
were selected: Cistus monspeliensis, Laurus nobilis, Photinia fraseri, and
Cupressus sempervirens. Cistus monspeliensis is a native plant that is
abundant in shrubland. Laurus nobilis, Photinia fraseri, and Cupressus
sempervirens are commonly used as hedges in WUI. Before experi-
ments, the plants were air-dried in the laboratory with an ambient
temperature of 20.3 (+3.5°C) and a relative humidity of 37.9 (+5.8%)
to reach a foliar moisture content of 20 (x2%). The branches were
placed on a 2 m x 2 m combustion bed in a welded mesh cage mea-
suring 0.5 x 0.5 x 1 m>. To keep a fuel load representative of those
found in nature, the initial mass of plants used for the experiments
varied depending on the species considered: 2.46 (+0.05 kg) for Cistus
monspeliensis, 1.21 (+0.02 kg) for Laurus nobilis, 1.16 (+0.07 kg) for
Photinia fraseri, and 5.01 (+0.01 kg) for Cupressus sempervirens. To
mimic the ignition of the plants by a flame front spreading across an
herbaceous layer, a bed of wood wool made of white pine was posi-
tioned in front of the plants. The wood wool was oven-dried at 60°C
for 24 hours and sprayed as evenly as possible to make a fuel bed of
0.7 m long (including 0.2 m under the plant) and 0.6 m wide with a
thickness of 0.1 m. This resulted in a fuel load of 0.6 kg - m~2. The
wood wool bed was ignited with 10 mL of ethanol spread across
the width of the bed leading edge. Table 1 shows the elemental analy-
sis, the ash content obtained by calcination at 815°C (ISO 1171 stan-
dard) and the low heating value (LHV) measured according to NF EN
15400 standard for the five fuels. The exhaust gases were analyzed
for composition, temperature, optical obscuration, and flow speed

(measured with a bidirectional probe).

2.2 | Calorimetric calculation

The HRR was measured with the LSHR apparatus by oxygen con-
sumption calorimetry for each test (Equations 1-4). The HRR is given
by the following equation?>:
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FIGURE 1 Experimental device for
the fuel burning. ELPI+, Electrical Low-
Pressure Impactor; FTIR, Fourier

Transform Infrared Spectrometer. Smoke exhaust
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TABLE 1
Cupressus sempervirens.

Combustion bench
(1.2x1.2m?)

Load cell

Elemental analysis, ash content, and low heating value of the wood wool, Cistus monspeliensis, Laurus nobilis, Photinia fraseri, and

O (%) Ash (%) LHV (MJ/kg) Bulk density (kg - m—3)
41.7 05 18.966 -

387 0.7 18.452 8

33.0 8.8 19.322 4

36.9 43 19.272 4

334 8.8 18.045 13

Fuel C (%) H (%) N (%)
Wood wool 514 6.21 0.24
Cistus monspeliensis 50.6 5.9 0.75
Laurus nobilis 494 6.47 1.51
Photinia fraseri 50.5 6.28 0.91
Cupressus sempervirens 491 6.26 0.92
Abbreviation: LHV, low heating value.
.0 .
HRR = Eo, (#3, — fio, ) Wo, (1)

where Eo, is the heat release per unit mass of O, consumed, r'loo2 and
No, represent respectively the molar flow rates of O, in incoming air
and in the exhaust duct and Wo, is the molecular weight of oxygen.
As the experiments were carried out in an open system, the flow
rate of the incoming air was deduced from the flow rate in the
exhaust duct. Finally, the HRR was given by the following three

relations?:

Eo,poW. .
HRR = =0220=202 (1 X0, ) X8 Vs 98 (2)

4
s e

. ke [AP
Vsamn = 22471 |7 (3)

X (1-Xeo,) ~ X6, (1-X28,)
"= X0 (1-X2o, - X3, “

Where X denotes the molar fraction, W, and p, are the molecular
weight and the density of dry air at 298K and 1atm, respectively.
\'/5,298 is the standard flow rate in the exhaust duct. a=1.105 is the
expansion factor for the fraction of the air that was depleted of its
oxygen. The superscript O is for the incoming air. A is the cross-
sectional area of the duct, k; is a constant determined by calibration
with a propane burner, k, = 1.108 for a bidirectional probe, AP is the
pressure drop across the bidirectional probe, and T is the gas temper-
ature in the duct.

To account for the change in plant species, the heat release per
unit mass of O, consumed was calculated for each plant. For each

test, the contribution of wood wool was subtracted from the HRR
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TABLE 2 Global equation of combustion for Cistus monspeliensis,
Laurus nobilis, Photinia fraseri, and Cupressus sempervirens.

Fuels X y z Eo, (kJ-g7?)
Cistus monspeliensis 4.22 5.83 2.51 13.23
Laurus nobilis 4.11 641 2.06 12.89
Photinia fraseri 4.21 6.22 2.31 13.07

Cupressus sempervirens 4.09 6.20 2.09 12.27

curves to focus only on the burning of plants. Therefore, based on the
ultimate analysis of the species (Table 1), the burning was modeled as
follows Equations (5 and 6), with Table 2 for x, y, and Eq, for each

species.
CeH,0; + (x+£7%> (02 +3.76N5) HXCOQ+%HZO+3,76(X+§7%) N,
(5)
With Eo,
- LHV.que| . - y 2z
Eo, _W withng, = (X+Z —§> (6)

The sampling rate for HRR was equal to 1 Hz. The variation from
the generic value of Huggett's?® average Eo, (8Eo,) must be taken into
account. For example, this variation represents 6.3% for Cupressus
Sempervirens, and according to Equation (2), such variations will affect
the HRR calculations. The variation in HRR due to the variation in Eo,

I.,27

is provided in Santoni et a When the composition of the fuel is

known, a more accurate value for Ep, can be determined.

23 |
factors

Chemical analysis of smoke and emission

The exhaust gases of combustion were sampled from the exhaust
ducts of the LSHR Apparatus and passed through four different ana-
lyzers. The first measurement system consists of an Antaris Industrial
Gas System (IGS) FTIR-based analyzer from ThermoFisher Scientific.
The FTIR spectrometer allows to obtain the molar fractions of CO,,
CO, CHy, NO, NO3, NH3, CoHg, CoHy, CoHa, C3Hg, C3Hg, C4Hg, CoHe,
HCHO, CH3CHO, SO,, H,0. A filter to remove aerosols was placed
before the gas cell and the sampling line was heated at 180°C to avoid
condensation. The spectrometer was equipped with a MCT-A detec-
tor and a gas cell with a volume of 0.2 L and an optical path-length of
2 m. IR spectra were recorded in the spectral range of 4500 to
550 cm~* with a 0.5 cm™? resolution. The flow rate of the sampling
pump was adjusted to 3.5 L - min~1. The identification of the com-
pounds by FTIR was carried out with a database listing the products
of combustion. The calibration is checked once a year by a Thermo-

fisher maintenance engineer. The first measurement system consists

of non-dispersive infrared (NDIR) spectroscopy. This apparatus was
used to quantify continuously CO and CO,. Each day of analysis,
NDIR analysers were calibrated with two points of measurement. The
first point corresponds to a gas without CO and CO.. For this, almost
pure N, (99.995% i.e., 4.5) was used. For the second point, a mixture
containing 2500 ppm of CO and 8% for CO, was used. Finally, a dou-
ble check was made with the CO and CO, data recorded with the
FTIR. The third analyzer corresponds to the measurement of
the extinction of aerosols in the exhaust duct with a He-Ne laser
(0.5 mW nominal power) emitting at the red wavelength of 632.8 nm.
The length of the optical path in the exhaust duct is 11.4 cm. Finally,
an ELPI+ (Dekati) allows to analyze in real-time the particle number
size distribution. A particle size distribution is established using the
size fractions collected by the impactor stages, with 50% cut-point
aerodynamic diameters ranging from 0.0060 um to 10 um across
stages 1 to 14.2%27 The airflow velocity of the ELPI+ is maintained at
10 L/min. The operating principle of the ELPI+ involves the precise
charging of aerosol particles by a unipolar corona charger, followed by
size classification using a low-pressure cascade impactor. Each impac-
tor stage in the series is insulated and connected to sensitive elec-
trometers to measure the electrical current generated by the particle
impaction. This electrical current value is directly proportional to the
number of particles collected.

The generation of combustion products was quantified in terms
of emission factors (EF), EF; (g - kg~1; Eq. 7), defined as the mass of
chemical species i produced per dry mass of fuel burned, mb,dry.“‘

mj

EFi= 7
= Moy @)

where m; (kg) is the mass of compound i released by the burning and
Mpqry (kg) is the dry mass burned during the experiments. Smoke
extinction was measured in the exhaust duct with the He-Ne laser.
This allowed to assess the smoke production rate (SPR; Eq. 8) by using
the basic smoke equation:

SPR=kV (8)

where k is the light extinction coefficient given by the Bouguer's law
and V is the standard flow rate in the exhaust duct. Aerosols were also
collected on glass fiber filters (37 mm diameter) in the exhaust duct of
the LSHR apparatus by using a sample pump (Figure 1). The mass
of aerosol (m,; Eqg. 9) released during the burnings was calculated with

the following equation:

m, :JTL Vdt 9)

00a

where ¢, (m?/kg) is the specific extinction area. The values obtained
by? for o, were used: ¢, = 8290 m? /kg. To evaluate the combustion
completeness, the modified combustion efficiency (MCE; Eqg. 10) was

introduced,® as follows:
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Cistus monspeliensis

FIGURE 2 Photographs of the plant burning. (A) Fire spread across the wood wool bed; (B) Ignition of the plant; (C) Flame spread within the
plant (D) Extinction. (Cistus monspeliensis: Ignition of wood wool: T = O's; Ignition Cistus: T = 32 s; PHRR: T = 55 s; flame out: T = 114 s;
Cupressus sempervivens: Ignition of wood wool: T = O s; Ignition Cupressus: T = 37 s; PHRR: T = 65 s; Flame out: T = 207 s; Laurus nobilis:
Ignition of wood wool: T = O s; Ignition Laurus: T = 45 s; PHRR: T = 53 s; Flame out: T = 86 s; Photinia fraseri: Ignition of wood wool: T=0's;
Ignition Photinia: T = 39 s; PHRR: T = 51 s; Flame out: T = 88 s). HRR, heat release rate. PHRR, peak heat release rate.

[COy]

MCE =0,/ [co]

(10)

where [CO3] and [COJ are the molar concentrations of emitted CO,
and CO in the smoke. Fire-integrated excess molar mixing ratios of
CO, and CO were used to calculate mean modified combustion

efficiencies.

24 | Statistical analysis

A multiple-sample comparison test (STATGRAPHICS® Centurion XV)
was used. The ANOVA test was chosen to highlight any statistically
significant difference between the values measured in all the experi-
ments. If the probability value (p) obtained using the F-test is less than
0.05, there is a difference between the means of the variables with a



% | WILEY

MARTINENT ET AL.

450
400
350
300
250
200
150
100

50

(a) Cistus
monspeliensis

HRR (kW)

_______Flameout _______|

100
Time (s)

250
(c) Photinia fraseri

200

150

HRR (kW)

-—____Flameout ________|

100

50

100
Time (s)

150

350
300 (b) Laurus nobilis
250
200

150

Flameout

HRR (kW)

100

50

100

150

800
700
600
500
400
300
200
100

HRR (kW)

,_______Flameout _______

100 150
Time (s)

FIGURE 3 Heat release rate over time during the burning of (A) Cistus monspeliensis; (B) Laurus nobilis; (C) Photinia fraseri; and (D) Cupressus
sempervivens. Error bars corresponds to the difference between the extrema and the average of the replicates.

confidence level of 95%. Multiple-range tests were then used to
determine which means were significantly different from each other.
The method used to discriminate between the means was Fisher's
least significant difference procedure.

3 | RESULTS AND DISCUSSION
3.1 | General description of the burning
experiments

The fire tests showed similar behavior for all four plant species
(Figure 2). A linear ignition was first performed along the leading edge
of the wood wool bed. A flame front quickly established and spread
uniformly across the wood wool bed exhibiting a flame height of
about 40 cm (Figure 2A). The Ignition of the plant occurred by direct
contact of the flame at the base of the crown (Figure 2B). The fire
front then spread over the plant (Figure 2C). Then, the decay phase
began until the flames were extinguished. After the flameout, only the
thicker particles remained (Figure 2D).

The HRRs measured during the experiments for each plant are
shown in Figure 3. Since the burning of wood wool was very

repeatable, its contribution was subtracted from the HRR curves to
focus only on the burning of plants (Figure S1). The vertical bars cor-
respond to the experimental variability observed between the repli-
cates (Figure 3). After plant ignition, the HRR increased rapidly to
reach a plateau lasting between 10 and 29 s depending on the spe-
cies. This phase corresponds to the moment when all branches were
on fire. Then, the HRR decreased, corresponding to the decay phase
until the flameout followed by the extinction of the residual chars.
The peak of the curves and the duration vary depending on the spe-
cies (Table 3). The highest peak of HRR was observed for Cupressus
sempervirens (557. 9 kW (£136.9 kW)), followed by Cistus monspelien-
sis (405.8 kW (£11.0 kW)), Laurus nobilis (275.8 kW (£29.4 kW)) and
Photinia fraseri (199.4 kW (+x21.2 kW)). The peak measured during the
burning of Cupressus sempervirens is therefore 2.8 times higher than
that of Photinia fraseri. The flame duration varies also significantly
with the species. The longest combustion was observed for Cupressus
sempervirens (174 (+9) s), followed by Cistus monspeliensis (98 (+10) s),
Photinia fraseri (49 (£3) s) and Laurus nobilis (43 (+3) s). The flame dura-
tion for Cupressus sempervirens is therefore 2.3 times higher than that
of Laurus nobilis. Among the four species, Cupressus sempervirens is
therefore the most combustible plant. This characteristic is due to its
bulk density, which is higher than that of the other species
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TABLE 3 Peak of heat release rate (HRR) and flame duration measured during the burning.
Species Cistus monspeliensis Laurus nobilis Photinia fraseri Cupressus sempervivens
Peak HRR (kW) 405.8 (+11.0) 275.8 (£29.4) 199.4 (+21.2) 557.9 (£136.9)
Flame duration (s) 98 (+10) 43 (£3) 49 (£3) 174 (£9)
16 16
14 | 4 14 | @
g y =0.0774x A = y =0.0209x A
2 2 R2=0.9838 . 2| 2 R2 = 0.9053
0 | £ 0 | =
0 kS| o’ = By
8 =~ ..A' 8 :: ..'..- A
6 | @ 6 | @
. e 4 A A
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Do /
0 Flame duration (s) 0 Peak HRR (kW))
0 50 100 150 200 0 100 200 300 400 500 600

FIGURE 4 Relationship between flame duration and bulk density, and peak HRR and bulk density. HRR, heat release rate.

(13 kg - m~3 versus 4 to 8 kg - m~3). This leads to a higher fuel mass
for the same plant volume and then to a higher flame duration. This
high combustibility of Cupressus sempervirens was already observed in

330 about ornamental vegetation present in WUI.3?

previous works

Figure 4 shows the relationship between bulk density and flame
duration, and peak HRR and bulk density. It can be seen that there is a
significant relationship between the bulk density of the plants studied
and several combustion parameters, such as flame duration and peak
HRR with bulk density. A determination coefficient (R?) of 0.9967 was
found for the relationship between bulk density and flame duration,
and 0.9804 between bulk density and peak HRR (Figure 4). It can be
seen that the bulk density of the plant is crucial role in the combustion
dynamics, influencing both the flame duration and the peak HRR. The
higher the bulk density, the longer the flame duration. This is due to
the increase in the amount of fuel that allows continuous combustion,
thus delaying flame extinction. The bulk density of plants also affects
the peak of HRR. A higher density leads to a greater quantity of com-
bustible material present in a given area, resulting in more intense
heat release during combustion. It can therefore be concluded that
plant bulk density is a determining factor in combustion, directly
influencing both flame duration and peak of HRR. These relationships
highlight the need for proactive ecosystem management to prevent

devastating fires and protect natural habitats.

3.2 | Smoke production

3.2.1 | Smoke production rate

Understanding the pollutants emitted from the combustion of forest
fuels is crucial. This knowledge is essential for estimating the potential
smoke emissions at forest-human interface areas, particularly during

events such as ornamental vegetation fires. By studying these pollut-
ants, we gain valuable insights into the environmental and health
impacts of forest fires, as well as the effectiveness of mitigation strat-
egies in protecting both ecosystems and human habitats. Figure 5
illustrates the SPR and HRR during typical fire tests for the burning of
the wood wool as well as the spreading of the fire within the plant for
the four fuels studied. The burning of wood wool and its smoke pro-
duction was very repeatable and it was not removed from the SPR
curves in Figure 5. In Figure 5, SPR and HRR are the average of the
5 replicates. For all fire tests, the SPR and the HRR follow the same
trend during the spreading of the fire the wood wool from until the
ignition of the plants (stage 1 in Figure 5). During propagation in wood
wool, the mean value of the SPR during this stage is 0.11 (+0.02)
m2.s7% 04 (£0.03) m?..s57% 012 (£0.05) m?-s7! and 0.14
(+0.02) m? - s~ for Laurus nobilis, Cistus monspeliensis, Cupressus sem-
pervirens, and Photinia fraseri respectively. After plant ignition, the
HRR increased rapidly to reach a plateau lasting between 10 and 29 s
depending on the species and the SPR curves follow the HRR curves
during combustion in the flaming phase (stage 2 in Figure 5). The
mean value of SPR during this stage is 0.15 (+0.07) m?-s~%; 0.11
(£0.04) m? - s 0.16 (0.04) m? - s~* and 0.26 (£0.11) m? - s~* for
Laurus nobilis, Cistus monspeliensis, Cupressus sempervirens, and Photi-
nia fraseri respectively. For this stage, the peak SPR for the different
fuels are 0.31 (0.09) m?-s~%; 0.24 (+0.07) m?-s~%; 0.28 (x0.09)
m? - s"*and 0.65 (+0.11) m? - s~ for Laurus nobilis, Cistus monspelien-
sis, Cupressus sempervirens, and Photinia fraseri respectively. The
observed values are slightly higher than those reported in the litera-
ture for the flaming phase of pine needles (mean SPR values:
8.9x1072 + 2x10™* m?2 - s71) or Cistus monspeliensis particles (mean
SPR values: 9.6x10° 3+ 1.5x10 3 m?-s~! for the twigs between
3 and 4 mm).*3%2 There are three reasons for this difference. Firstly,
the water content of the material can significantly affect the SPR.
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The smoke production rate (SPR) and heat release rate (HRR) were measured for the different fuels. The fuels were categorized

into three stages: (1) ignition and spreading across the wood wool bed, (2) ignition and combustion of the plant, and (3) smouldering phase.

Second, the amount of oxygen available can affect combustion effi-
ciency and smoke production. Limited oxygen can result in incomplete
combustion and higher smoke production and finally, the conditions
of the tests are different. Although the experimental conditions
involve over-ventilation, some unburned fuel remains after the flame-
out as well as residual chars. After the flameout (Stage 3 in Figure 5),
the glowing of the residual chars occurs as well as the smouldering of
remaining twigs. During this last stage, the SPR is 0.03 (+0.03)
m?.s7% 0.035 (£0.05) m?-s7% 0.03 (x0.05) m?-s* and 0.26
(0.09) m? - s for Laurus nobilis, Cistus monspeliensis, Cupressus sem-
pervirens, and Photinia fraseri respectively. We can thus conclude that
the SPR occurs mainly during the flaming stage and for 79%, 85%,
79%, and 82% for Laurus nobilis, Cistus monspeliensis, Cupressus sem-
pervirens, and Photinia fraseri respectively with the wood wool was
subtracted from the SPR contribution. These results were obtained by
integrating the SPR (SPR*time) during the flame phase (stage 2,
Figure 5) with respect to the integration of the SPR during the post-
flame phase (Stage 3, Figure 5).

3.2.2 | Particle number concentration and size
distribution

The properties of aerosols remain poorly understood due to the spe-

cific conditions under which they are emitted. These conditions vary

not only according to the temperature at which they are formed, but
also according to the combustion methods and emission sources. In
fact, the particles emitted by forest fires during combustion are com-
posed of different types of material (soot, ashes, unburned material)
of different sizes. Therefore, further in-depth studies are required to
gain a better understanding of their formation and the quantities
emitted during wildfires. Aerosols produced from biomass burning are
varied, including soot, tars, fly ash, and coarse fly ash, each emerging
at distinct stages during shrub combustion.>® And, primary aerosol
produced by wildland fires is predominantly organic aerosol by
mass.>*3> Figure 6, displays the SPR curves and the particle numbers
size distribution obtained with the ELPI+. Despite the potential
impact of the nature of the emitted gases and particles on the mea-
surement of opacity, a notable correlation between the SPR curves
and the curves of the particle number size distribution is evident. Fur-
thermore, the SPR peak and the size distribution number peak are in
alignment. Opacity is a function of particulate concentrations and
many other independent optical and physical variables, such as parti-
cle size distribution, particle density, refractive index of particles,
nature of aerosol (soot, tar, or ash) and gas emitted concentration in
the exhaust gas, as examined in previous studies.®¢~*® Notwithstand-
ing the aforementioned discrepancy in the detection of the smallest
particles, the utilization of He-Ne laser sources facilitates the
identification of aerosols with a minimum size of 0.1 um up to a con-
centration of 10%. The scattering of light by particles of this size
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allows their concentration and distribution to be determined. More,
the principal gases that contribute to high opacity when organic mate-
rials are burned include nitrogen oxides (NOx), (CO,), and (H,0).
Figure 7 shows the mean of particle number size distributions
according to the aerodynamic diameter recorded for the fire tests per-

formed with all plants. The mean of particle number size distribution

5 130 234 437 743 1233 2031 3041 4482 7369

Aerodynamic diameter (nm)

was calculated using five replicates. We observed that the numerical
distribution is centered on the 41-71 nm for all fuels (Figure 7). The
mean the sum of particle numbers across all size bins was 1.6 x 10°,
5.04 x 107,8.94 x 10° and 1.28 x 10 for Laurus nobilis, Cistus mon-
speliensis, Photinia fraseri, and Cupressus sempervirens respectively. We

observe that Cupressus sempervirens emits the greatest quantity of
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Example of particle size distributions in number according to the combustion and the heat release rate (HRR) for Photinia fraseri

with (A) size distributions more important in numbers, and (B) size distributions less important in numbers.

particles in number. Finest particles (<71 nm) were the most numer-
ous emitted during the combustion of all fuels. Indeed, for the 25-
130 nm range, it is observed that these particles represent 80% to
86% of the particle numbers observed for all fuels.

In order to gain a full understanding of this trend, it is essential to
look closely at the evolution of aerosols during the combustion pro-
cess. A detailed example of this evolution, specifically for the burning
of Photinia fraseri, is shown in Figure 8. Upon ignition of the shrub and
during the subsequent vertical propagation of the fire, we observe the
emission of particles with a fine aerodynamic diameter, typically
between 25 and 130 nm (Figure 8A). It is particularly notable that
these fine particles are the most abundant, and that their concentra-
tion closely mirrors the evolution of the HRR (Figure 8A), with maxi-
mum aerosol production occurring at the peak of the HRR. As the
HRR begins to decrease the number of particles decrease (Figure 8A).
When we look in more detail at each stage of the ELPI, the peak pro-
duction of each aerosol size measured does not occur at the same
time. The larger the aerosol size, the later in the combustion process
the peak production occurs. For example, the peak between
Stage 3 and stage 6 is 64 s compared with 72 s. This observation was
noted from Stage 3 to stage 8 for all the different plants. This phe-
nomenon is explained by the widening of the flame as it propagates
through the hedge. A similar analysis of the particle size distribution
was observed on fires with sheets of different diameters. Mulhland

1.,%% showed that the volume mean diameter of the primary sphere

eta
increases by more than 80% (58 nm vs. 106 nm) as the pan diameter
increases from 1 to 3.05 m. During the preheating and pyrolysis
phase, organic and inorganic vapors are produced. These inorganic
vapors condense in the flue gases and create the fine particles seen
on stages 1 and 2. Figure 8B shows the fraction of larger particles and
HRR as a function of the time. Prior to the ignition of Photinia fraseri,

during the preignition phase, we observe the emission of large

particles with diameters of 1.65 to 10 um. These particles are proba-
bly tar particles emitted during the preheating phase of the plant.® In
conclusion, our observations indicate that the highest concentrations
of particles are associated with the smaller particles present during
the combustion of these fuels. It is also important to note that the
number of larger particles remains very low throughout the process
(Figure 8B).

The particle number size distribution focuses on the number of
particles for each aerosol size class, indicating whether the sample is
predominantly composed of small or large particles. This result is of
significant importance as it provides information on the quantity
of small particles that can penetrate deeply into the human body.
There is growing concern within the public health community regard-
ing the contribution of ultrafine particles (UFPs) to human health.
Despite their modest mass and size, UFPs dominate in terms of parti-
cle numbers in the ambient air. A particular worry is their ability to
reach the most distal regions of the lungs (the alveoli) and bypass pri-
mary airway defenses.*® The particle volume distribution, on the other
hand, inform us on the volume occupied by each size class of particles,
giving an indication of the total mass of the particles and therefore
emphasising more on the largest particles than provided by the num-
ber size distribution. Figure 9 showed the total mean distribution of
number and volume (5 replicates) according the size particles for the
all plants. Figure 9A displays the total particle number size distribution
produced during the combustion process of each plant. During com-
bustion for the all plants, the distribution size is bimodal and centered
on the modes 41 and 71 nm which corresponds to the accumulation
mode, for the all plants (Figure 9A). It was observed that the majority
of particles had a diameter of less than 1 um, which is indicative of
fine particles, PM;. Furthermore, it is notable that for all forest fuels,
more than 90% of particles were represented by ultrafine particles,

PMg 1. Figure 9B displays, for the same experiments, the particle size
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FIGURE 9 Particle size
distributions in number (A) and
volume (B) emitted during the
burning of the four plant species.

distribution in volume as a function of aerodynamic diameter. If the
number distribution was centered on the ultrafine and fine particles,

however, the analysis of volume distribution gives a different sight of
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view. For the combustion of the plants, the volume distribution sug-
gests a monomodal distribution excepted the Cupressus plant. This

monomodal distribution in volume is centered at 7.369 um for Laurus
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TABLE 4 Average emission factors (EF) (g - kgfl) emitted during the combustion of the four plants (statistical analysis of compounds

according to the fuel, witha > b > ¢).

Fuel/Compounds

Laurus nobilis

Photinia fraseri

Cistus monspeliensis

Cupressus sempervirens

CO, 1516.24 + 75.95° 1597.72 = 12.90° 1645.65 + 30.64° 1656.60 + 36.54°
co 150.26 + 37.47° 127.13 + 6.75° 97.35 £ 13.16° 77.72 £ 16.39°
CH, 5.81+1.13? 470 + 0.37° 2.36 +0.74° 2.65 +0.78°
NO 12.32 + 4.84° 7.17 + 0.44° 5.32 % 0.36° 6.32+0.27°
NO, - - 0.44 +0.19° 0.42 +0.10°
NO, (NO + NO,) 12.32 + 4.84° 7.17 + 0.44° 576+ 0.44 6.74° + 0.39
NH; 0.74 +0.19° 1.14 £ 0.09° 0.31 +0.14° 0.34 + 0.03°
CoH, 2.33 £ 0.64° 1.70 £ 0.16* 0.86 + 0.33° 1.11 £ 0.34°
CsHiq 0.69 + 0.15° 0.68 + 0.06 0.37 £ 0.12° 0.51%0.172°
CH,0 0.48 + 0.07° 0.48 + 0.04 0.23 + 0.07° 0.20 + 0.08°
S0, - - - 0.86 + 0.31
Aerosols 1.90 + 0.77° 2.08 + 0.55° 212 +0.64° 40.14 + 0.75
MCE 091 093 0.94 0.96

Abbreviation: modified combustion efficiency.

nobilis, Cistus monspeliensis and Photinia fraseri. For and Cupressus sem-
pervirens, the distribution of particles volume is superior at 0.1 um. In
conclusion, most of size range of particles distributing on overall vol-
ume of particle were mainly composed coarse particle fraction.

3.2.3 | Analysis of smoke compounds

Table 4 presents the compounds identified in the smoke from our
experiments as well as their mean EF. The EF contribution of wood
wool was subtracted for the all-species contribution and to focus only
on the EF of species emitted by the burning of plants. The primary
compounds emitted in smoke include CO,, CO, NO, aerosols, and
CHy, with smaller proportions of C,Hs4, NHs3, CsHq4, CH,O, SO,,
and NO,. The EF were averaged across all samples, i.e., five replicates
for each species plants. The ANOVA test revealed a statistically signif-
icant difference in EFco, based on the type of fuel burn (Table 4,
ANOVA, p <0.05). The fuels are on influence on EFco, the whereas a
mean value of were obtained 1516; 1598, 1646; and 1657 g- kg’1 for
Laurus nobilis, Cistus monspeliensis, Photinia fraseri, and Cupressus sem-
pervirens respectively. We note that EFco, values are consistent with
findings in the literature, which report total EFco, ranging between
1538 and 1793 g - kg~1.14%1744 These last values are derived from lab-
oratory experiments involving different biomass burning scenarios,
including savannah and grassland fires, tropical forests, extratropical
forests, biofuel combustion, agricultural residues, and Amazonian For-
est fires. The emission of various biomass sources such as leaves,
woody material, and pine needles from forest fuels have been investi-
gated.’® We observe the same significant difference with the EFco
(Table 4, ANOVA, p <0.05). Specifically, as Laurus nobilis and Photinia
fraseri burn less efficiently (Table 2), we note that their EFco is higher
for these two species (averaging 127g-kg™!) compared with the

other two species (averaging 86g-kg 1). EFco values reported in

the literature show significant variability. Experiments at laboratory
scale led to values ranging between 35 and 594 g- kg~ 11642748 we
observe that the value of EFyo varies significantly depending on the
type of fuel burned (Table 4, ANOVA, p <0.05). The highest value of
EFno was observed for the burning of Laurus nobilis. We notice that
the higher the percentage of nitrogen (N) present in the virgin plant
(see Table 1) the higher the EFno of the corresponding burning plant.
We observe thus that the level of EFyo is influenced by the percent-
age of nitrogen (%N) present in the fuel. The EF of NOx varies of 5.76
to 12.32g- kg2, which is stronger the values reported in the litera-
ture that range between 1.1 and 4.4g- kg™ 1.14#27%* The emission of
NOx is primarily due to NO. The concentration of NOx is contingent
upon the nitrogen content of the fuel in question. The values
observed in Table 1 align with those expected for NOx concentration
and nitrogen elemental analysis. Aerosol production was estimated by
using Equation (9) and the He-Ne laser extinction measurement. The
decision to calculate the FE with the laser rather than with the Elpi
was made for two reasons. Primarily, this approach allows for a com-
parison of the results with those reported in the literature. Secondly,
the exact particle density of the material in question is not known.
The composition of the particles includes soot, tar, and ash. Significant
differences are observed in the production EFer0s01s (Table 4, ANOVA,
p <0.05). EF,eros01s Varies from 4.14 for Cupressus sempervirens to
1.9g-kg™?! for Laurus nobilis. This difference appears to be linked to
the burning behavior. These values are in agreement with the litera-

ture,  which reports  values  ranging  from 1.5 to
11.9g. kg 1.1119.23.2528-31

4 | CONCLUSION

In conclusion, the HRR measurements for different plant species

revealed significant variations in combustion characteristics. The HRR
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increased rapidly after ignition, reaching a peak that varied depending
on the species, before declining during the decay phase. Cupressus
sempervirens exhibited the highest HRR peak and the longest flame
duration, indicating its high combustibility, which is attributed to its
greater bulk density and fuel mass. These findings highlight the signifi-
cant influence of plant species on fire behavior. The experiments identi-
fied several key compounds emitted in smoke during the combustion
of various plant species, including CO,, CO, NO, aerosols, and CH,, with
smaller amounts of other gases. EFs were calculated for each com-
pound, with significant differences observed based on the type of fuel
burned. In particular, CO EFs was higher for Laurus nobilis and Photinia
fraseri due to less efficient combustion, while the NO EF was closely
linked to the nitrogen content of the plant material. Aerosol production
also varied significantly among species, reflecting differences in burning
behavior. SPR closely follows HRR during combustion, with significant
SPR occurring primarily during the flaming stage for all four plant spe-
cies studied. The highest SPR was observed for Photinia fraseri, while
Cupressus sempervirens and the other species showed lower SPR
values. These findings highlight the influence of plant characteristics
and combustion conditions on smoke production, with variations attrib-
uted to factors like moisture content and oxygen availability. Our study
highlights the complexity of aerosols emitted during the combustion of
various fuels, with a predominance of small-size particles (Elpi +). How-
ever, a more in-depth analysis reveals a significant contribution of parti-
cles larger than 1 um to the volume distribution, highlighting the
importance of understanding the evolution of these aerosols through-
out the combustion process. These findings emphasize the need for a
holistic approach to fully grasp the characteristics and impacts of aero-
sols emitted into the WUI.
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