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A B S T R A C T

The persistent smoldering peat fires are most difficult to extinguish because of their hidden nature and resur
gence from underground. This study experimentally investigated the effects of water spray (fixed at 0.4 L/min or 
600 mm/h) on the smoldering peat sample (20 cm × 20 cm × 10 cm) and associated gas emissions. The spray 
duration varied from 10 to 150 s, equivalent to water depths up to 25 mm. The dynamic emissions of CH4, CO, 
CO2, NH3, and C6H14 were measured during the burning and suppression. After water spray, three distinct 
outcomes were observed: failed, partial, or complete fire suppression. Notably, an accumulated water depth 
below 25 mm failed to achieve complete fire suppression. In cases of failed suppression, the smoldering fire 
resurged and ultimately consumed all peat. With increasing water volume, both the time to resurgence and the 
subsequent emission peak were delayed. The peak mass fluxes and emission factors (EF) of CO2 and CO, along 
with the modified combustion efficiency (MCE) and CO/CO2 ratio, exhibited weak dependence on water volume. 
In contrast, at the threshold water depth of 25 mm, the peak mass flux and EF of CH4, as well as the CH4/CO2 
ratio, decreased by approximately 50%. This work advances the scientific understanding of transient gaseous 
emissions from hidden underground peat fires subjected to water suppression.

1. Introduction

Global climate change has significantly increased the frequency and 
intensity of wildfires, making them as one of the most severe ecological 
disasters and public emergencies worldwide [1]. Smoldering combus
tion is a slow, flameless, and low-temperature form of burning. It often 
occurs and spreads in subsurface layers of duff and peat, with temper
atures between 300 and 600 ◦C [2]. Smoldering fires can persist un
derground in peatlands for days or even months, making them among 
the most widespread and long-lasting wildfire phenomena. Due to their 
hidden nature and potential to transition into more destructive flaming 
wildfires, smoldering fires present a serious threat [2]. Such a transition 
leads to a sharp rise in fire temperature, heat release rate, and spread 
speed, resulting in considerably greater damage [3]. Therefore, a sys
tematic study on smoldering fire suppression is critically needed.

As a typical form of incomplete combustion, smoldering emits more 
carbon monoxide (CO), methane (CH4), ammonia (NH3), and 

particulate matter (PM) than flaming combustion, while carbon dioxide 
(CO2) is relatively lower [4–6]. A smoldering front comprises four 
distinct sub-fronts: preheating, evaporation, pyrolysis, and oxidation [7,
8]. The pyrolysis front (above 200 ◦C in the absence of oxygen) gener
ates char and releases volatile organic compounds, along with small 
amounts of CO2, CO, and water vapor. In the char oxidation front 
(typically above 350 ◦C), large quantities of CO2 and CO are produced. 
Hu et al. [9] showed that smoldering emissions evolve with different gas 
species dominating during various combustion stages (ignition, growth, 
steady and burn out). Emissions of alkanes, such as CH4, which has 
about 28-35 times higher global warming potential than CO2, peak 
during the ignition stage. In contrast, CO2, CO, and NH3 increase during 
the steady stage [9]. Yang et al. [10] found in thermogravimetric 
analysis (TGA) of peat pyrolysis, CH4 emissions increased with heating 
rate, while CO2 and CO were not sensitive to heating rate. Similar 
findings were observed in meso-scale peat fire experiments [11]. In 
these tests, CH4 emissions dropped rapidly as peat moisture increased, 
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but they increased with higher oxygen supply [11].
In the literature, the roles of fuel physicochemical properties (such as 

moisture content, bulk density, and elemental composition) influencing 
the fire emissions have been widely investigated. Garg et al. [12] studied 
the effects of fuel moisture content on emissions, and found that its in
fluence varies across fuel types, with chemical composition being a more 
critical factor. Similarly, Hu et al. [13] found that heterogeneous 
physicochemical properties of peatlands, especially moisture content, 
significantly affect the emission factors of major gas species, including 
CO2, CO, and CH4. Other studies have investigated how fuel bed het
erogeneity, specifically particle size distribution, impacts smoldering 
behavior and emissions [14–16]. The results indicate that variations in 
particle size affect oxygen supply and heat transfer, thereby altering 
smoldering spread and gas emissions. Furthermore, Deane et al. [17] 
showed that physical properties like ground cover and compression are 
key determinants of smoldering emissions, with compressed moss and 
peat plots exhibiting significantly lower fire danger. Beyond fuel prop
erties, airflow and oxygen supply are critical environmental factors. 
Wang et al. [18] reported that as oxygen concentration increases, the 
emission factors of CO2 and CO also rise. They also observed higher 
emissions of hydrocarbons, especially CH4, due to enhanced oxygen 
availability.

Current techniques for suppressing smoldering fires rely mainly on 
cooling, with water-based methods being the most effective and widely 
used [19]. Natural precipitation (i.e., rainfall and snowfall) can suppress 
smoldering wildfires on a scale beyond human firefighting capabilities. 
Vasconcelos et al. [20] have shown that increased rainfall significantly 
reduces burned areas in wildland fires. However, if smoldering is not 
completely extinguished by rain, it can reignite after a long period, 
especially during dry or windy seasons [21]. Unlike flaming fires, the 
success of suppressing hidden smoldering fires cannot be immediately 
confirmed by visual inspection [22].

Recent laboratory-scale studies have investigated various cooling 
methods for suppressing smoldering fires, including sprinkler spray 
simulating rainfall [22], water injection via nozzles [23,24], water spray 
[25,26], buried cooling pipes [27], snowfall and ice [28,29], dry ice, 
liquid nitrogen [30], and water-filled trenches [31]. Among these 
methods, nozzle injection and buried pipes are less efficient than water 
spray, requiring a greater water volume under similar fire conditions. 
Water-filled trenches can be ineffective in areas with low groundwater 
levels and are labor-intensive as they require deep excavation [31]. 
Consequently, liquid water spray is considered the most viable cooling 
method for suppressing smoldering fires. Lin et al. [19] determined a 
minimum rainfall intensity of 4 mm/h and a minimum rainfall depth of 
13 mm for extinguishing the underground peat fire (15 cm deep) and 
highlighted the fire-suppression effectiveness of short-term heavy rain
fall. Ramadhan et al. [25] found that a continuous water spray of 12 L/h 
for 65 min (or 1300 mm equivalent water depth) was required to 
extinguish a 10 cm deep peat smoldering fire. Santoso et al. [26] re
ported that the total water volume required to suppress peat smoldering 
is constant at 5.7 ± 2.1 L/kg of peat (or 57 mm equivalent water depth), 
emphasising the physical role of water in suppression over its chemical 
role. Thus, the threshold water depth for suppressing peat fire varies 
from 13 mm to 1300 mm, showing a large variety in experimental design 
(e.g., water droplet size, timing and uniformity of water suppression) as 
well as the complex and persistent nature of peat fires [22,25,26].

While considerable research has focused on suppressing smoldering 
combustion, the associated gas-emission hazards during water-based 
suppression remain poorly understood. Current global fire emission in
ventories (e.g., GFED [32]) fail to adequately account for the impact of 
precipitation, limiting the accurate estimation of carbon budgets from 
fire events. In addition, quantifying transient emissions during smol
dering fire suppression is crucial for evaluating the occupational expo
sure and health risks of firefighters.

This study investigates the impact of water spray on smoldering 
suppression and its associated dynamic gas emissions under different 

fire development stages. Findings from this study address this research 
gap and provide insights for improving smoldering extinguishing stra
tegies with effective gas emission control.

2. Materials and methods

The sample used in this study was a commercially available Danish 
peat (Pindstrup Co., Denmark). The element analysis (Elemantar-Vario 
EL cube) presents mass fractions of 45.09 ± 1.30%, 6.16 ± 0.27%, 46.76 
± 1.16%, and 1.29 ± 0.19% for C, H, O, and N, respectively. Before the 
experiments, the peat samples were oven-dried at a constant tempera
ture of 90 ◦C for 18 h [9,33]. The dried peat samples were then crushed 
and sieved to obtain particles within a size range of 0.425 mm ≤ d < 4 
mm, after which they were mixed evenly. The measured moisture con
tent on a dry basis (the mass of water divided by the mass of dry sample) 
and the bulk density of the prepared peat samples were 25 ± 5% and 
177 ± 3 kg/m3, respectively.

As shown in Fig. 1(a), an experimental platform for smoldering fire 
suppression was designed and built to obtain mass loss (DJ 10K-2 bal
ance), real-time gas emissions (SSCM-V2 Fourier-transform infrared 
spectroscopy (FTIR)), temperature distribution (24 K-type thermocou
ples), surface visual (GoPro Hero 10), and infrared (IR) imaging (HIK
MICRO 256 infrared camera) of the peat bed [14,34]. The 
thermocouples (1 mm diameter) were arranged in a matrix of 4 (verti
cal) × 6 (horizontal) within the reactor, as shown in Fig. 1(b). Data from 
the balance, thermocouples, and visual and IR images were logged at a 
frequency of 1 Hz. The FTIR monitored real-time concentrations of 5 gas 
species at a data acquisition frequency of 0.2 Hz: carbon dioxide (CO2), 
carbon monoxide (CO), methane (CH4), ammonia (NH3), and hexane 
(C6H14).

A stainless-steel open-top reactor, with internal dimensions of 20 cm 
× 20 cm × 10 cm and a wall thickness of 2 cm, was used to burn the 
samples. Five circular drainage holes with a diameter of 2 cm were 
distributed at the bottom of the reactor to simulate natural water infil
tration in peat layers. A cylindrical igniter was installed at the midpoint 
of the left side of the reactor. Following the ignition protocol described 
in Ref. [33], we applied 100 W for 30 min to initiate a uniform smol
dering spread.

An automated water spray system was designed for smoldering fire 
suppression. The water spray system was activated at t = 300 min. This 
activation time was selected because preliminary experiments showed 
that under natural smoldering conditions without suppression inter
vention, the mass loss rate (MLR, g/s) of the sample reached its peak at 
approximately 300 min after ignition, indicating a fully developed, self- 
sustained smoldering spread. The spray nozzle was positioned at the 
location of the smoldering front. The spray flow rate was fixed at 0.4 L/ 
min, corresponding to a rainfall intensity of 600 mm/h. According to the 
literature on rain suppression [19], this intensity fell within the category 
of violent rain. The spray durations (Δts, s) of 10 s, 30 s, 60 s, 120 s, and 
150 s were controlled by an electronic start-stop valve. These spray 
durations corresponded to water volumes per unit mass of peat ranging 
from 0.094 L/kg to 1.41 L/kg, or to an equivalent water depth up to 25 
mm for a fuel bed with a cross-section of 20 cm × 20 cm, as summarized 
in Table 1. System calibration confirmed that, with the flow rate set at 
0.4 L/min, the discrepancy between theoretical and actual water vol
umes was within 2.8% − 3.0%.

Throughout the experiments, the combustion chamber was main
tained at a stable temperature of 20 ◦C and a relative humidity of 40%, 
which helped minimize environmental effects on the data. To ensure 
reproducibility, each condition was repeated at least three times.

3. Results and discussion

3.1. Outcomes of water spray suppression

When the water spray (600 mm/h) duration is below 150 s (or 2.5 
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min), corresponding to an equivalent water depth of below 25 mm, the 
smoldering fire can not be suppressed, and the peat is completely burnt 
out in the reactor. When the sprayed water depth is increased to 25 mm, 
three fire-suppression outcomes are observed and categorized as: (a) 
failed suppression; (b) partial suppression; and (c) complete suppression 
(extinguishment), showing the water-suppression threshold in Fig. 2 and 
Video S1. It is worth noting that this threshold value of 25 mm lies be
tween the 13 mm [19] and 57 mm [26] thresholds reported in the 
literature, despite differences in experimental design and the complexity 
of peat fires.

This fire-suppression process depends on a balance between two key 
factors: sufficient residual heat to initiate pyrolysis at the unburned peat 
(heat transfer) and adequate oxygen transport to sustain char oxidation 
(oxygen supply) [35]. In this context, water spray primarily alters the 
heat-transfer processes at the smoldering front, since fire spread is 
essentially a continuous ignition process. When suppression fails, the 

smoldering fire resurges and spreads throughout the entire sample, 
indicating that the water application could not disrupt the critical bal
ance of heat and oxygen required for self-sustained smoldering. As the 
surrounding peat dries and oxygen availability increases, the smoldering 
front propagates into unburned fuel, ultimately establishing a new, 
self-sustaining front.

In partial suppression, the smoldering front reactivates only within 
the pre-existing char zone. Here, residual heat and oxygen are insuffi
cient for it to propagate into adjacent, unburned peat. The fire thus 
consumes the limited fuel in the char zone until it self-extinguishes. 
Extinguishment is achieved when the applied water fully penetrates 
the peat bed, substantially cooling the fuel bed and saturating the pores, 
thereby blocking oxygen transport.

The varying outcomes for the same applied water volume highlight 
the stochastic nature of smoldering suppression. Subtle differences in 
peat properties (e.g., density, porosity, and initial moisture) signifi
cantly alter water penetration. As a result, despite a consistent spray 
setup, the actual water delivery to the smoldering front varied, ulti
mately dictating the suppression outcomes.

Smoldering temperatures typically range from 300 to 600 ◦C [2]. 
Fig. 3 shows (a) the temperature evolution of a peat smoldering front 
and (b) the average duration of pyrolysis (>300 ◦C) during the resur
gence stage, measured by the thermocouples under different water spray 
durations. Both the hibernation time and the time required to reach the 
maximum temperature (i.e., a sign of fire resurgence) post water 

Fig. 1. (a) Schematic of the experimental platform for smoldering fire suppression and (b) the thermocouples array.

Table 1 
Water spray characteristics under a fixed spray intensity of 600 mm/h.

Spray Duration (s) 10 30 60 120 150

Spray Duration (min) 1/6 1/2 1 2 2.5
Water volume (L) 0.07 0.2 0.4 0.8 1.0
Water-to-peat ratio (L/kg) 0.094 0.28 0.56 1.23 1.41
Equivalent water depth (mm) 1.7 5 10 20 25

Fig. 2. IR imaging for three outcomes of peat fire under the same water-spray duration (150 s or 2.5 min): (a) failed suppression, (b) partial suppression, (c) complete 
suppression (extinguishment), where the water spray is equivalent to 25 mm water depth (see Video S1).
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suppression increase with the duration and amount of water applied. 
Moreover, the average duration of pyrolysis decreases with increasing 
water volume, indicating reduced pyrolysis intensity.

3.2. Emission evolution under water suppression

Fig. 4 shows the gas-emission mass flux after water suppression for 
2.5 min (equivalent to 25 mm water depth). Here, the gas mass flux 

(ṁʹ́
g,i(t)

)
is defined as the mass flow rate per unit surface area [g/(s⋅m2)] 

[6] for (a) CO2, (b) CO, (c) CH4, and (d) C6H14 as 

Fig. 3. (a) Temperature evolution at the peat smoldering front (Thermocouple #11) and (b) the average duration of pyrolysis (>300 ◦C) during the resurgence stage, 
after the water suppression and fire resurgence.

Fig. 4. Gas evolution of CO2, CO, CH4, and C6H14 among the three distinct outcomes of smoldering peat fire after water suppression for 2.5 min (equivalent to 25 mm 
water depth).
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ṁʹ́
g,i(t)=

ρi⋅[i](t)⋅V̇
A

(1) 

where ρi is the density of gas species i (based on the ideal gas law under 
standard conditions, g/m3); [i](t) is the real-time concentration of spe
cies i (net concentration from the fire, ppm); V̇ is the volumetric flow 
rate in the smoke duct (m3/s); and A is the surface area of the sample 
(m2).

The gas evolution curves show critical differences in the thermo
chemical reactions between local smoldering in the char zone and self- 
sustaining propagation into unburned peat. Upon water application at 
300 min, a drastic decline in mass fluxes occurred, with levels reaching 
near-zero across all conditions. Following this quiescent period, the 
smoldering fire may resurge. Both partial and complete smoldering 
resurgence show an immediate, sharp increase in the mass flux of CO2 
and CO, reaching around 0.50 g/(s⋅m2) and 0.037 g/(s⋅m2), respectively. 
In contrast, hydrocarbon emissions remain notably low during this 
period, at approximately 0.0014 g/(s⋅m2) for CH4 and below 0.0001 g/ 
(s⋅m2) for C6H14. After water suppression, much of the heat generated 
from the pre-suppression smoldering front is retained. Upon drying of 
the peat and with sufficient oxygen supply, this retained heat primarily 
drives the heterogeneous oxidation of solid carbon within the char. This 
reaction can be represented [2,33] as 

Char(s) + O2→Heat + CO2 + CO + H2O + other gases + Ash(s)        (2)

These highly exothermic reactions produce CO2 and CO as the main 
gaseous products. Because the smoldering front is confined to the 
already-pyrolyzed char, the release of complex volatile hydrocarbons 
from the peat is minimal. The partial suppression case, which exhibits 
only this stage, demonstrates that combustion fails to progress beyond 
this carbon oxidation phase, thus preventing the further pyrolysis of 
fresh peat [36].

In the failed suppression cases, the smoldering front propagates into 
unburned peat. This results in a sharp peak in hydrocarbon production, 
whereas CO2 and CO mass fluxes show only a minor secondary rise. 
Quantitatively, the peak fluxes of CO2 and CO (0.81 and 0.069 g/(s⋅m2), 
respectively) are roughly double those observed during partial sup
pression (0.50 and 0.037 g/(s⋅m2)). In contrast, the peak CH4 flux 
(0.0048 g/(s⋅m2)) is approximately three times higher than that of the 
partial suppression case (0.0014 g/(s⋅m2)). This increase in hydrocarbon 
emissions indicates that, as smoldering proceeds, the width of the py
rolysis front increases and the pyrolysis reaction becomes significantly 
stronger [7].

Water application significantly alters the structure of the smoldering 
front, thereby altering the balance between pyrolysis and oxidation 
[19]. As the peat moisture content increases from water application, the 
thickness of the smoldering front decreases [7]. However, the oxidation 
front, being primarily controlled by oxygen diffusion, remains relatively 
unaffected. This leads to a narrower pyrolysis front [7], promoting 
near-immediate oxidation of volatiles within the active smoldering 
zone. However, as smoldering continues, the moisture content of the 
peat decreases ahead of the oxidation front, allowing the thermal front 
to expand. A wider thermal front increases the spatial and temporal 
window for fresh peat to undergo thermal decomposition prior to 
entering the high-temperature oxidation zone. Consequently, the 
thickness of the pyrolysis front also increases.

It is noteworthy that upon water spraying, CO2, CO, and CH4 exhibit 
an immediate and sharp decline to near-zero levels, indicating imme
diate quenching of the primary smoldering zone (Fig. 4). In sharp 
contrast, the mass flux of C6H14 decreases at a significantly slower rate 
across all experimental conditions. Unlike the other gases, C6H14 is a 
volatile organic compound with a relatively low boiling point (~69 ◦C). 
While the main pyrolysis and oxidation reactions are halted during 
water spraying, residual heat may still cause slow vaporization of liquid- 
phase hydrocarbons. This delayed vaporization allows C6H14 to 

continue to be released after the active smoldering has ceased. 
Furthermore, the absence of detectable C6H14 during partial suppression 
in Fig. 4 shows that it may have condensed in cooler regions of the peat 
bed or the smoke duct, preventing accurate measurement by the FTIR 
analyzer.

For the failed suppression cases, Fig. 5 illustrates the temporal evo
lution of a typical experiment during water suppression (spray duration: 
2 min). A strong correlation is observed between the trends in mass loss 
rate and those of the major gaseous emission fluxes. According to 
Ref. [9], the natural smoldering combustion of peat without water 
suppression can be divided into four stages: ignition, growth, steady, 
and burnout. Under water suppression conditions, four distinct evolu
tion stages are observed: (I) the initial development stage (before water 
spray, 0 − 300 min), (II) the apparent quenching stage (characterized by 
a decline in MLR following water spray and subsequent stabilization), 
(III) the smoldering resurgence stage (marked by a renewed increase in 
MLR), and (IV) the burnout stage (when the smoldering front reaches 
the right wall of the reactor and the fuel is completely consumed).

During the initial development stage, the evolution is consistent with 
that observed in smoldering conditions without suppression [9]. The 
external heating source from the ignitor provides substantial thermal 
energy, inducing the pyrolysis of peat, which leads to the formation of 
char and the release of pyrolysis gases [7]. At t = 30 min, the MLR 
reaches its first peak at 0.019 g/s. The mass fluxes of CO2, CO, and CH4 
simultaneously reach their respective first peak values at 0.16 g/(s⋅m2), 
0.030 g/(s⋅m2), and 0.0098 g/(s⋅m2), respectively. In contrast, NH3 
emissions are not detected during this period. This absence can be 
attributed to the water-retaining capacity of the peat's porous structure, 
which enables physical adsorption or dissolution of hydrophilic polar 
gases, thus preventing the release of NH3 into the gas phase [11]. After 
the igniter is turned off, both the MLR and gaseous mass flux decrease 
sharply. Subsequently, the heat generated by char oxidation leads to 
self-sustaining smoldering. As a result, the MLR and mass fluxes of CO2, 
CO, CH4, and NH3 gradually increase. At t = 300 min, the smoldering 
process has reached a steady state, and the water spray is triggered.

Following the water spray intervention, the peat fire enters the 
apparent quenching stage, with gas emissions dropping to near-zero 
levels. Infrared imaging reveals an immediate and rapid drop in the 
peak surface temperature of the peat sample during water spray. The 
intense forced cooling rapidly inhibits both pyrolysis and oxidation re
actions [37], resulting in a sharp decline in the mass flux of gaseous 
emissions. The abrupt introduction of water also leads to significant 
fluctuations in MLR. Subsequently, the MLR gradually decreases, 
reflecting a progressively slowing water evaporation rate. The evapo
ration process extracts substantial heat, causing a drop in the overall 
temperature of the peat surface. The sample thus reaches a prolonged 
thermally quenched state, with its surface temperatures stabilizing 
below 60 ◦C. During this period, the MLR remains below 0.005 g/s, and 
gas emissions are nearly negligible. This apparent quiescence at the 
surface poses a significant risk, as it may lead firefighters to prematurely 
conclude that the fire is extinguished, while smoldering may persist 
beneath the surface.

Around t = 550 min, both MLR and mass fluxes of gas emissions 
begin to rise again. Infrared imaging reveals the resurgence of localized 
smoldering within the pre-charred region. As it propagates through this 
region, the accumulated heat ultimately becomes sufficient to initiate 
pyrolysis in the adjacent, unburned peat ahead of the original smol
dering front [7]. A new self-sustaining smoldering front then forms and 
propagates laterally toward the right side of the reactor. As the smol
dering area expands, the MLR and mass fluxes of gas emissions rise 
rapidly, reaching a renewed steady state at around t = 640 min. When 
the smoldering front eventually reaches the right wall of the reactor, 
both MLR and the gas emissions peak again.

During the burnout stage, the smoldering process becomes influ
enced by the boundary effects [9]. The overall surface temperature of 
the sample drops below 400 ◦C. The surface gradually subsides due to 
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sustained mass loss as the reaction progresses, inducing a collapse and 
ignition of unburned peat adhering to the right wall of the reactor. A 
corresponding temperature rise is observed, rising from approximately 
240 ◦C to above 500 ◦C, which coincides with minor peaks in both MLR 
and mass flux.

3.3. Effects of water volume on mass flux

Fig. 6 illustrates the impact of increasing water volume on the mass 
fluxes of CO2, CO, CH4, and NH3. The peak mass fluxes of CO2, CO, and 
NH3 after resurgence show minimal dependence on water volume. This 
suggests that the production of these gases is primarily determined by 

the inherent properties of the peat and the presence of a persistent char 
oxidation front [14]. Once smoldering resumes, the fire consumes all 
available char and releases a fixed total amount of CO2, CO, and NH3.

Conversely, the peak mass flux of CH4 decreases significantly from 
0.0077 g/(s⋅m2) to 0.0039 g/(s⋅m2) when the water volume increases to 
1.41 L/kg (150 s). This occurs because CH4 is primarily generated within 
the pyrolysis front. A longer water application enables more effective 
heat extraction from deeper peat layers, thereby hindering the re- 
establishment of a stable, widespread pyrolysis front.

As the water volume increases, the apparent quenching stage is 
significantly prolonged. It shows the effectiveness of water in tempo
rarily disrupting the smoldering front [21]. However, when the water 

Fig. 5. Example evolution of visual and thermal imaging (left), and mass loss rate of peat sample, mass fluxes of CO2, CO, CH4 and NH3 (right), after water sup
pression of a peat fire for 2 min (equivalent to 20 mm water depth). The fire resurged after 200 min.

Fig. 6. Mass fluxes of CO2, CO, CH4, and NH3 under different water volumes.
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cooling is insufficient for complete suppression, the fire eventually re
surges. Interestingly, for all failed suppression conditions, the charac
teristic times to resurgence and to emission peak, defined as the intervals 
from the start of the experiment (t = 0 min) to the first significant rise 
and to a local maximum of gas emissions in the post-suppression phase, 
respectively. This cooling period exhibits a positive correlation with the 
applied water volume, as demonstrated in Fig. 7. This finding offers 
firefighters a quantifiable metric for assessing suppression effectiveness. 
Such a metric can guide strategies for long-term monitoring, help allo
cate resources for re-inspection, and determine the critical window 
required to establish effective fire breaks before potential resurgence.

3.4. Effects of water volume on smoldering combustion

The emission factor is widely used to quantify total carbon emissions 
[18]. EFm (g/kg) is defined as the mass of a specific emission per unit 
mass of dry fuel consumed [38] as: 

EFm,i =
ṁʹ́

g,i(t)
(

ṁw(t)
1+φw

) (3) 

Where ṁʹ́
g,i(t) is the instantaneous mass flux of emission i, g/(s⋅m2); ṁw 

(t) is the transient mass loss rate of the wet fuel measured by the balance, 
g/s; and φw is the initial moisture content of the fuel sample on a dry 
basis. However, accurately measuring the mass loss rate of fuel, espe
cially in large-scale or field-based experiments, is often challenging. 
Therefore, many studies have utilized a carbon balance method to 
calculate the emission factor, EFb (g/kg) [39–41]: 

EFb,i = Fc ⋅ 1000
(
g kg− 1) MMi

12
⋅
Ci

CT
(4) 

where Fc is the measured carbon content of the dry fuel, %; MMi is the 
molar mass of emission i, g/mol; Ci is the moles of emission i, mol; and CT 
is the total moles of carbon released during combustion, mol.

Under the no-water-spray condition, the steady stage represents 
uninterrupted, free smoldering propagation [9], Fig. 8(a) presents the 
emission factors, both EFm and EFb, for CO2, CO, and CH4 during this 
steady stage under the no-water-spray condition. The good agreement 
between the EFs in two different forms indicates that the carbon emitted 
is proportional to the fuel consumed. Throughout the steady stage, the 
emission factors for CO2 and CO remain relatively constant, whereas the 
EF for CH4 exhibits a gradual increase.

The application of water interrupts the smoldering process. Fig. 8
(b–c) illustrates the transient EFs during stage II (apparent quenching) 
and stage III (smoldering resurgence) for the failed suppression and 
partial suppression cases, respectively. In the case of failed suppression, 
the fire re-establishes a renewed steady smoldering state after resur
gence, with stable EFs matching those of the no-water-spray condition. 
In contrast, under partial suppression, smoldering is primarily confined 
to localized hotspots within the char zone and fails to re-stabilize, 
resulting in unstable EFs during smoldering resurgence.

The average EFm and EFb values for each renewed steady smoldering 
state under varying water volumes are shown in Fig. 9. The EF values for 
CO2 and CO show little correlation with water volume. However, the EF 
values for CH4 show a decreasing trend as water volume increases. This 
finding confirms that a larger water volume inhibits the re- 
establishment of an extensive pyrolysis front, and thus reduces hydro
carbon emissions.

The modified combustion efficiency (MCE) [39], the CO/CO2 [7] and 
the CH4/CO2 [42] ratios are widely employed to characterize the 
smoldering emissions and the completeness of combustion. MCE is 
defined as MCE = ΔCO2/(ΔCO2+ΔCO), where Δ represents the excess 
mixing ratio (the difference between the species mole ratio in the smoke 
and that in ambient air). However, during the apparent quenching stage, 
gas emissions drop to extremely low levels, causing these ratios to 
fluctuate markedly. Consequently, they lack the precision required to 
characterize any smoldering that may continue within the fuel bed.

Fig. 10 presents the average values of these indicators during the 
renewed steady smoldering state. The MCE and the CO/CO2 ratio show 
little correlation with water volume, with CO/CO2 values (0.1– 0.2) 
consistent with literature reports for tropical peat [43,44]. By contrast, 
the CH4/CO2 ratio exhibits a clear decreasing trend as water volume 
increases.

4. Conclusions

This study investigated the impact of water spray (0.4 L/min) on peat 
smoldering suppression and the resulting transient gas emissions. For 
spray durations below 150 s, the corresponding water depth was below 
25 mm, which proved insufficient to completely suppress the smoldering 
peat. When the spray depth reached 25 mm, three distinct outcomes 
were observed: failed suppression, partial suppression, and complete 
suppression.

In cases of failed suppression, the smoldering peat fire evolves 
through four distinct stages: initial development, apparent quenching, 
smoldering resurgence, and burnout. The evolution of the mass fluxes of 
major gas species (CO2, CO, CH4, and NH3) exhibits overall consistency 
with the transient mass loss rate of the sample. During the apparent 
quenching stage, all measured gas fluxes drop to near zero and fluctuate 
markedly, creating a misleading impression of extinguishment. How
ever, both the time to resurgence and the time to the post-resurgence 
emission peak increase with greater water volume, which can guide 
long-term monitoring and re-inspection strategies. The peak mass fluxes 
and average EF values for CO2, CO, and CH4, as well as combustion 
regime indicators like MCE and CO/CO2 ratio, show little correlation 
with water volume. In contrast, the peak mass flux and averaged EF of 
CH4, along with the CH4/CO2 ratio, decrease with increasing water 
volume, mainly attributed to the narrowing of the pyrolysis front. Spe
cifically, at the threshold water depth of 25 mm, the peak mass flux and 
EF of CH4, as well as the CH4/CO2 ratio, decrease by approximately 
50%.

This study provides new insights into gaseous emissions from water- 
suppressed smoldering peat fires. The transient mass fluxes and EFs 
obtained here provide important updates for current fire emission factor 
inventories (e.g., GFED), thereby improving carbon budget and fire 
emission estimates in atmospheric models. Furthermore, they provide 
essential data for assessing the potential health risks faced by firefighters 
tasked with suppressing smoldering peat fires.Fig. 7. Time to resurgence and to emission peak under varying water volumes.
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