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Abstract: This paper presents experimental research findings on the gas composition of pyrolysis and
combustion products of typical forest fuels (leaves, needles, twigs, a mixture of these, and timber).
These experiments were performed for the combustion and application of a fire extinguishing agent
to a pyrolyzing material. Water, a bischofite solution, a bentonite slurry, and a foaming agent solution
were utilized. Two gas analysis systems were used, as follows: an industrial one based on CO2, CO,
H2, CH4, and O2 sensors and a scientific one (a gas analyzer with H2, CH4, H2S, SO2, CO, and CO2

sensors). Fires were extinguished by using two common techniques, as follows: continuous liquid
supply and cycling spraying. The comparative efficiency of applying a group of fire extinguishing
agents to forest fires was estimated, taking account of liquid consumption, suppression time, and
environmental pollution. A method was proposed for calculating the relative efficiency factors of fire
extinguishing agents when containing and suppressing forest fires, allowing for the consumed time,
resources, and anthropogenic emissions.

Keywords: forest fuels; pyrolysis; fire containment and suppression; anthropogenic emissions;
greenhouse gases

1. Introduction

The annual statistics on forest fires worldwide reveal [1–5] that the number of wood-
land areas catching fire keeps rising every year. High rates of the fire front spread within a
short time and multiply over the areas deforested by fire [6]. They are hazards to animals
and populated areas and cause environmental pollution, which is among many other
factors that act as an incentive for the international community to develop technologies for
forest fire monitoring and high-performance containment and suppression of fires. Modern
aerial firefighting systems rely on different methods of liquid supply, both directly to the
fire zone and in front of it. They utilize a wide range of additives to water (thickeners,
wetting agents, foaming agents, etc., [7,8]) for enhanced wildfire suppression. However, fire
extinguishing agents often contain components that interact with pyrolysis and combustion
products at high temperatures to produce hazardous emissions [9,10]. The emitted toxic
substances have a destructive effect on the ecosystems near the fire-affected area, damaging
forest vegetation, fauna, and soil [11]. A sharp rise in carbon oxide concentrations caused
by a wildfire reduces carbon redistribution and impacts the carbon cycle [12].

The main components of combustion products are solid particles, hydrocarbons,
nitrogen, and carbon oxides. CO2 accounts for up to 90% of the total gas volume. The annual
CO2 emission levels due to forest fires make up around 8% of the total CO2 production
and 50% of industrial emissions based on the carbon dioxide volumes that result from
biomass decomposition after fires [13]. Medical research findings [14] confirm the cause-
and-effect relationship between air pollution with CO2 and the negative impact on human
health, since atmospheric circulations can carry pollution plumes hundreds of kilometers.
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The negative consequences mentioned above demonstrate the relevance of comparing
the gas emissions from the combustion, containment, and extinguishing of forest fires.
Thus, a considerable number of scientific papers seek to develop methods and approaches
for reducing the pollution of CO and CO2 emissions to the environment [15]. These
methods include a complex multiple-criteria analysis that is used to identify the most
promising technologies for fire suppression. This analysis relies on the estimation of the
integral efficiency factor [16–18] of the process (in the considered case, it is extinguishment
using different agents). This method helps work out a strategy for suppressing fires with a
priority set on different indicators. When the environment is the main priority, a firefighting
composition is chosen in the calculations that ensures minimum emissions of the gaseous
products of thermal decomposition.

The supply of fire extinguishing agents to a forest fire zone is not safe [19]. There are
convection columns, smoke, fluctuations in temperature, and gas concentrations. These
factors place some constraints on fire suppression methods and the use of agents. They
also hamper the work of aircraft in a fire zone. A major implication of forest fires is that
they exacerbate global warming [20,21]. This is due to the emissions of forest fuel pyrolysis
and combustion products. To date, there has been little experimental research on the
trends of product concentrations in a fire zone when a fire is not suppressed and when it is
rapidly extinguished.

Most recent studies have focused on recording the characteristics of the thermal
decomposition of forest fuels [22] and on the analysis of toxic substances produced during
the combustion and smoldering of typical woodland components [23–25]. Ma et al., for
instance, [26] reported the estimates of the ranges of gaseous substance concentrations
during forest fires involving fuels (branches, leaves) with different moisture contents. They
conducted experimental research using gas chromatography–mass spectrometry. A low
moisture content in the fuel resulted in the concentrations of CO, CO2, NOx, and SO2
reaching their peaks faster. As the moisture content in the material increased, the emissions
of CO rose, whereas those of CO2, NOx, and SO2 dropped. The type of combustible
material also affects its emission of gaseous products. The authors showed that with greater
moisture in the material, the concentrations of CO, CO2, NOx, and SO2 from the combustion
of coniferous forest fuel increased more significantly than in the case of deciduous forest
fuel. Pallozzi et al. [27] investigated the emissions of gases and solid particles during the
combustion of forest cover (needles/leaves, twigs, and fallen needles/leaves). In their
experiments, they collected air samples at different fire stages (ignition, flame combustion,
and smoldering) in a combustion chamber. The main gaseous emissions were found to
be CO and CO2. The dominant aromatic hydrocarbons were benzene and toluene. They
experimentally established that the peak concentration of methane corresponded to the
combustion phase. The maximum level of CO was recorded at the smoldering phase.
The thermal decomposition of leaves and needles was shown to produce a larger amount
of volatile organic compounds than that of twigs. They noted that the findings made it
possible to estimate the yield of combustion products at different stages of a forest fire. The
influence of the type of material on the qualitative and quantitative values of emissions
of forest fuel combustion products was examined in [28]. The authors established that
the smoldering of trees, shrubs, and surface dead fuel produced higher concentrations of
CO and HC than flame combustion. These flue gas components, such as CO2 and NOx,
followed the opposite trend. Most CO emissions were found in the tree bark and the humus
layer of surface dead fuel. These findings provide a theoretical foundation for regional
environmental assessments.

During an active fire, it is extremely difficult to perform on-site reliable measurements
of the gas component concentrations and calculate the masses of the most hazardous
pollutants. It is rational to use laboratory-scale fires to compare the gas emissions from
a forest fire that is being extinguished. Considerable progress has already been made
in the study of the qualitative and quantitative concentrations of combustion products
from the thermal decomposition of indoor combustible materials (various interior design
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and furniture materials, flooring types, etc.) [24,25,29,30]. A number of authors have
investigated how the method of supplying liquid (water) to the ignition source affects the
range of concentrations of the gaseous products of pyrolysis (namely, CO and CO2) [29,30].
Other researchers have [16–18] established that it is possible to use the experimental
research findings on the concentrations of flue gases obtained in laboratory tests to describe
the behavior of large fires in actual compartments. Currently, there are no corresponding
studies published on forest fires, which served as the motivation for our research.

The purpose of this paper was to identify differences in the composition of the mixture
of air with the pyrolysis and combustion products of typical forest fuels during combustion,
containment, and suppression using a wide range of extinguishing agents.

2. Materials and Properties
2.1. Forest Fuels

The fire hazard in a forest is determined by the ratio of the dead (dry) forest fuel (which
causes a rapid fire spread) to the living forest fuel (which has a high moisture content and
is unable to burn by itself). Carriers of fire include boreal zone components that take little
time to dry out and can burn on their own. For this research, dead forest fuels were chosen,
as follows: fallen leaves, needles, twigs, and timber. Taken together, these materials form a
ground cover and are the most fire-hazardous. The thickness of the leaves was 0.09–0.1 mm.
The diameters of the twigs and needles were 6 mm and 0.65 mm, respectively. The sample
mass (m0) in the experiments was 30 g. Before the measurements, the materials were stored
at room temperature (about 25 ◦C) for five days to equilibrate in atmospheric moisture.
The samples were not pre-dried at a higher temperature. The main characteristics of the
materials in this study are presented in Table 1.

Table 1. Forest fuel characteristics.

Forest Fuel Component Layer Density, kg/m3 Particle Density,
kg/m3

Porosity
(Fraction of Pores)

Pine Twigs with needles 0.05–0.12 320–500 0.583
Pine needles needles 30 650 0.794
Leaves leaves 8–12 300 0.787
Timber (pine) Timber 448 448 0.7

2.2. Firefighting Compositions

Forest fires are usually extinguished with water, and its great extinguishing effect
is caused by its high heat capacity. Different substances are often added to water to
improve its extinguishing effects [7,8,31]. For instance, different wetting and foaming
agents are added to improve its wetting ability (ability to penetrate). In this case, a fire,
especially one involving porous and fibrous materials, is extinguished more effectively.
Adding such chemical substances also strengthens the firefighting properties of water. It
was experimentally established [32] that control lines constructed to contain the flames
during wildfires should involve specialized fire extinguishing agents based on different
chemical additives rather than pure water. The reason being that water quickly evaporates
from a forest fuel surface, whereas specialized fire extinguishing additives used to create
firefighting compositions can remain on the forest fuel surface for a long time and retain
water in the near-surface layers of forest cover.

The firefighting liquids chosen for this experimental research were as follows: water;
foaming agent solution (5 vol%); bentonite slurry (5 vol%); and bischofite solution (10 vol%).
The choice of these compositions was determined by practical experience and the results
of tests performed by firefighting services that demonstrated the best performance of the
aforementioned compositions in terms of economic and environmental aspects [33,34].
Thus, for example, bentonite is a natural clay material, and bischofite is a natural mineral.
Compared to other fire retardants, bentonite and bischofite slurries used to extinguish fires
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are environmentally friendly for humans, flora, and fauna. The main properties of their
compositions are summarized in Table 2.

Table 2. Properties of components and solutions, slurries, and emulsions prepared [35].

Name of Composition Properties of Additives and Fire Extinguishing
Agents Prepared Fire Suppression Method

Water

Density: 998.2 kg/m3

Surface tension: 72.7 × 10−3 N/m
Dynamic viscosity: 1.004 × 10−3 Pa·s
Thermal diffusivity: 14.3 × 10−8 m2/s
Heat capacity: 4.183 kJ/(kg·K)
Thermal conductivity: 0.599 W/(m·K)
Average ability to remain on forest fuel: 60.5%

Cooling

Foaming agent solution (AFFF)
5 vol%

Properties of the 5% solution:
Density: 1002–1187 kg/m3.
Dynamic viscosity: 0.12 Pa·s
Surface tension: 17.3 × 10−3 N/m
Thermal diffusivity: 12.9 × 10−6 m2/s
Heat capacity: 3.995 kJ/(kg·K)
Thermal conductivity: 0.595 W/(m·K)
Foam stability: 250 s.
Average ability to remain on forest fuel: 74.5%

Cooling, smothering

Bentonite slurry
5 vol%

Fire protection efficiency group I
melting point >1250 ◦C
Properties of the 5% solution:
Density: 1100 kg/m3

Surface tension: 68.5 × 10−3 N/m
Dynamic viscosity: 24.3 × 10−3 Pa·s
Thermal diffusivity: 5.44 × 10−4 m2/s
Heat capacity: 3.83 kJ/(kg·K)
Thermal conductivity: 0.704 W/(m·K)

Smothering

Bischofite solution
10 vol%

Fire protection efficiency group I
Properties of the 10% solution:
Thermal conductivity: 0.58 W/(m·K)
Heat capacity: 3.603 kJ/(kg·K)
Density: 1081.49 kg/m3

Dynamic viscosity: 1.015 × 10−3 Pa·s
Surface tension: 75.8 × 10−3 N/m

Smothering

3. Experimental Technique

Full-scale experiments with fires encompassing large woodland areas are complicated
and require considerable resources [36–39]. Therefore, present-day studies on the analysis of
the dynamics of the combustion of forest fuels are divided into two types. First, laboratory-
scale experimental research [23,25,26,28,39]. The other is numerical simulation [20] or
prediction (based on satellite data) [1,2] of the processes developing in active woodland fires.
The first approach, when experiments are performed in a laboratory (heating chambers,
dedicated boxes, etc.), is considered appropriate and quite representative [23,25,26,28,39]. A
number of studies [23,25,26,28,39] are conducted in heating units and combustion chambers,
whose findings can be used to create a database on combustible materials and lay the
theoretical foundation for environmental estimates. This research makes it possible to
analyze the qualitative values of emissions from the combustion of a material on a regional
scale as well as identify the specific aspects of the thermal decomposition of combustible
materials with varying properties.

Figure 1 presents the experimental system used to conduct this research. It consisted
of a box (1) (Figure 1) with the dimensions 1.5 × 1 × 1.25 m and a monitoring and control
system with a PC (2). Inside the box were a laboratory-scale fire (3), a gas analysis system
(4)—based on industrial sensors for oxygen O2, carbon dioxide CO2, carbon monoxide CO,
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and methane CH4—and a laboratory gas analyzer (5) with sensors for carbon monoxide
CO, carbon dioxide CO2, hydrogen H2, oxygen O2, sulfur oxide SO2, methane CH4, and
hydrogen sulfide H2S. As well as a dome camera (6), a high-speed pyrometer (7), and
atomizers (8) to supply fire extinguishing liquid. Two thermocouples were mounted inside
the experimental setup immediately above the laboratory-scale fire at a height of 1.2 m to
measure the air temperature.
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Figure 1. Experimental setup: 1—box with dimensions 1.5 × 1 × 1.25 m; 2—PC; 3—laboratory-scale
fire; 4—industrial sensors; 5—laboratory gas analyzer; 6—dome camera; 7—high-speed pyrometer;
8—nozzle; and 9—gas analyzer probe.

Signals from the industrial sensors, high-speed pyrometer, and gas analyzer were
transmitted to the monitoring and control system. It displayed the measurements of all the
recorded parameters (gas concentrations, fire temperatures) on the screen and transmitted
them to the PC for subsequent processing and activation of the fire-extinguishing liquid
supply to contain and suppress the fire.

The gaseous emission concentrations were analyzed with a laboratory gas analyzer
(response rate: 5–15 s). It consisted of a probe to collect air samples (9), a pump, and a
filtration system for the collected samples. The built-in pump and probe of the gas analyzer
provided a constant flow of gases produced during the combustion of a material to its
sensors. The gas analyzer specifications are given in Table 3.

Table 3. Characteristics of the gas analyzer.

Component of
Gas-Air Mixture Types of Sensors Measurement Range Accuracy Reaction Time

O2 electrochemical 0%–25% ±0.2 vol% (absolute) ≤15 s

H2 polarographic 0%–5% ±0.2 vol% (absolute) ≤35 s

CO2 optical 0%–30% ±2% (basic percentage error) ≤25 s

CH4 optical 0%–30% ±5% (relative) ≤25 s

CO electrochemical 0%–30% ±5% (relative) ≤35 s

H2S electrochemical 0–500 ppm ±5% (relative) ≤45 s

SO2 electrochemical 0–1000 ppm ±5% (relative) ≤45 s
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The average concentrations of gaseous emissions were calculated using the trapezoidal
rule [36]. The concentrations of gaseous emissions measured in this way were used to
estimate the emission factors for each species Yi. The following equation was used [30]:

Yi =
C · v · t

m0
(1)

where C is the average concentration (calculated according to the method from [36]) of
a component of the gas mixture, mg/m3; t is the duration of flue gas release, s; v is the
capacity of the gas analyzer pump (volume of gas taken by the gas analyzer during the
experiment (0.00001 m3/s)); m0 is the initial mass of material, g.

The industrial gas analysis system comprised fixed gas analyzers of the Senson-SV-
5023 type. The main characteristics of the sensors are summarized in Table 4.

Table 4. Main metrological characteristics of the Senson-SV-5023 gas analyzer sensors.

Type of Detector Measurement Range Maximum Permissible
Relative Error, δ %

Carbon dioxide (CO2) 0.01–5 vol% ±15

Carbon monoxide (CO) 0.1–300 mg/m3 ±10

Methane (CH4) 0.01–2.5 vol% ±10

Oxygen (O2) 0.1–30 vol% ±5

Hydrogen (H2) 0.01–4 vol% ±10

The materials were set on fire using a gas burner. The flame application time ranged
from 10 to 30 s, depending on the type of combustible material. To extinguish the fire in the
upper part of the experimental setup, an FMT-100 nozzle was placed at a distance of 1 m
from the fire. Fire extinguishing liquid was supplied through a flexible hose at 200 kPa.

For each composition in Table 2, the discharge density was determined for combustible
materials. For that process, the materials to be burned were placed on a metal pallet with
the dimensions of 30 × 20 × 5 cm. The sprayed fire extinguishing agent accumulated on
the pallet; its mass was determined. The specific discharge density was calculated based
on the mass of the liquid, spraying time, and pallet area. This indicator characterizes the
amount of liquid supplied per unit time and per unit area. Knowing the liquid discharge
density and fire suppression time, it is possible to find the specific flow rate of the fire
extinguishing agents by multiplying the two values together.

Fire extinguishing began as soon as the fire detectors were activated or after the fire
surface temperature (measured with the pyrometer) reached constant values. Water was
supplied until there were burning regions recorded by the dome camera and until the
CO concentrations recorded by the gas analyzer started falling rapidly. The two most
common techniques of liquid supply to the fire were utilized [37], as follows: continuous
spraying and cycling spraying. In continuous spraying, a firefighting composition was
supplied without interruption for as long as suppression proceeded. In cycling spraying,
fire extinguishing liquid was supplied in bursts at certain time intervals (pulses). The
research by Gupta et al. [38] experimentally explored the influence of a cycling spraying
system on fire suppression time and water consumption. A fire suppression performance
index (FSPI) was proposed to assess the effectiveness of fire suppression. It is the inverse
product of the fire suppression time and the amount of water spent on extinguishing. Dif-
ferent ON- and OFF-cycle patterns of the spraying system were studied [38]. In continuous
suppression, FSPI was 0.08. In cycling spraying, it was 0.1–0.14, which is 20% higher than
with a continuous water supply. The FSPI was highest in a pulsing cycle of 1.3 s (ON) and
1 s (OFF). Using cycles with a fixed delay between water discharges makes it possible to
reduce the amount of water spent on extinguishing by almost 50%.
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The pulsing duration in this study was chosen based on preliminary experiments. The
cycle in which liquid is supplied for 30 s with 3-second pauses contributes to more effective
fire suppression in terms of the required time and liquid consumption. Longer pauses
between water discharges (e.g., up to 10 s) intensified the thermal decomposition of the
material. This happened because the liquid in the combustion zone rapidly evaporated
within the time interval between water discharges. Due to a long break in the droplet
flow supply to the reacting area, the heat released exceeded the heat removal intensity.
This facilitated the thermal decomposition of the materials on fire, thus leading to a longer
suppression time. A liquid supply with a pulsing duration of less than 30 s is not enough
to generate the amount of water flow necessary to absorb the heat released by the fire.
When the pulsing duration is increased to more than 30 s, the liquid supply to the fire
becomes excessive. The pauses of 3 s between water discharges are comparable to the
time of a firefighting system activation (1–2 s) [38]. A sprayed water flow supplied to the
fire with the aforementioned parameters can extinguish it in less than 200 s. Following
the experiments, the authors determined the concentrations of CO, CO2, O2, CH4, and
H2 in the experimental setup, the duration of fire suppression using a fire extinguishing
composition (te), and the specific discharge density. For each type of combustible material,
a set of five experiments was conducted.

4. Results and Discussion
4.1. Gas Concentrations in the Free Burning of Forest Fuels

Figure 2 presents typical images of laboratory-scale fires with a fire load of different
types of forest fuels (branches, timber, leaves, needles, and a mixture of forest fuels) at
different combustion stages. The images at stage I show combustible materials at the
initial point (before ignition). The images at stage II correspond to active combustion
of materials; this stage is characterized by the greatest flame height and a rather weak
smoke generation. Stage III show the decay of the laboratory-scale fire and the smoldering
of forest fuel. At this stage, the smoke and combustion products released still remain
intense for all the combustible materials under investigation. At the stage of smoldering
completion (IV), burning-out fragments were seen without active smoke generation (both
when using the laboratory gas analyzer and industrial sensors). We started recording
the gas emissions when we ignited the material with the gas burner. We stopped the
measurements using the aforementioned equipment at the stage of smoldering, when
there were no visible signs of smoke, the oxygen concentrations started rising, and the CO
concentrations reached constant values or started falling. Thus, the industrial sensors and
the gas analyzer measured the emission concentrations at the same time.
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Figure 2. Images of laboratory-scale fires at different combustion stages: I—combustible material
sample at the initial point (before ignition); II—active combustion; and III—decay and smoldering;
IV—release of combustion products stops. (a)—branches; (b)—timber; (c)—leaves; (d)—needles; and
(e)—mixture of forest fuels.

The ranges of CO, CO2, CH4, H2, and O2 concentrations were analyzed. Figure 3
presents the trends and average concentrations of CO and CO2 recorded by the laboratory
gas analyzer and industrial sensors.

The concentrations of CH4 and H2 emissions were low (0.004–0.1%). The subsequent
analysis was based on the emissions of the main gases characterizing combustion—carbon
monoxide and dioxide. CO2 was produced at the combustion stage; CO was emitted
during the smoldering phase. For better readability, two main phases were shown in
Figure 3: active combustion (II) and smoldering (III) of timber. Differences between the
gas concentrations over the whole period of the thermal decomposition of the material
were identified. It was clear that the maximum concentrations of CO and CO2 (Figure 3a,b)
were recorded during the thermal decomposition and combustion of timber and needles.
The values were the minimum for leaves and a mixture of forest fuels. A similar trend
persists for average gas concentrations too. These differences stem from the structure of
the materials, their different reaction rates, physicochemical properties, sizes, and shapes,
as well as temperature gradients in the material layer and on its surface. In Figure 3,
combustible materials show varied times when their gas concentrations remained high.
For example, the peak concentration of carbon monoxide (CO) (Figure 3b) for needles was
recorded 43 s earlier than for timber and leaves. A similar trend can be seen in Figure 2.
In particular, the duration of the combustion stage of this material was the shortest. The
maximum values of CO and CO2 for timber and needles differ from those for twigs, leaves,
and a mixture of forest fuels by 35–52%.
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Figure 3. Trends of CO2 (a) and CO (b) recorded during the combustion of typical forest fuels:
1,6—twigs; 2,7—timber; 3,8—leaves; 4,9—needles; and 5,10—mixture of forest fuels.
1–5—concentrations of CO and CO2 measured with a laboratory gas analyzer; 6–10—concentrations
of CO and CO2 measured with industrial sensors; 11—research findings [39] obtained for pine needles.
Average concentrations of flue gas components (c): 1—twigs; 2—timber; 3—leaves; 4—needles; and
5—mixture of forest fuels. P—ignition of the material using a gas burner, II—active flame combustion
phase, and III—smoldering phase. (d) curves of the air temperature in the experimental box during
combustion of different types of forest fuel.

Figure 3a clearly shows that the carbon dioxide concentrations measured with indus-
trial sensors were somewhat higher than those measured with a laboratory gas analyzer.
The time taken to reach the peak (maximum) value, though, was the same for the two gas
analysis systems. There were also differences (Figure 3b) between the CO concentrations
measured with the two gas analysis systems. This difference was because carbon monoxide
is heavier than air, which causes it to mostly accumulate at the bottom of the experimental
setup and not reach the upper part. As a result, not all the gas produced reaches the indus-
trial sensors placed above. The gas analyzer is fitted with a pump that captures a slightly
greater volume of flue gases. Therefore, the carbon monoxide concentrations measured
with the gas analyzer exceed those measured with the industrial sensor. Figure 3d presents
the temperature trends describing the dynamics of heat release for all the combustible
materials under consideration. The highest air temperature (86 ◦C) in the experimental box
was recorded during the combustion of pine needles. This material was also characterized
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by the highest emission of CO. The recorded temperature trends correspond to the CO
emission trends for all the materials (Figure 3b,c).

For comparison, the research findings from [39] were also included in Figure 3. They
show the gas emissions during the piloted ignition and self-ignition of pine needles at dif-
ferent heat fluxes (10–50 kW/m2). Their research was conducted in a cone calorimeter. The
compositions of the gas emissions were analyzed using FTIR, NDIR, chemiluminescence,
and paramagnetic gas analyzers. CO2 and water were found to be the main products. The
maximum values of CO2 obtained in [39] differ from those obtained for pine needles in this
research by 18.2%.

To generalize the research findings, Table 5 shows the emission factors (g/g) of CO
and CO2. The emission factor (g/g) was defined as the amount of combustion product
from the burning of 1 g of combustible material. The gas concentrations presented in this
way will make it possible to assess the fire hazard of combustible materials at different fire
stages. In Table 5, the production of CO for leaves, needles, and twigs was higher than
that of CO2, which can be accounted for by the fact that smoldering prevailed for these
materials. Thus, most of the emissions were produced during this stage.

Table 5. Yields of pyrolysis and combustion products from forest fuel.

Material CO, g/g CO2, g/g

Twigs 0.714 0.676

Timber 0.375 0.491

Needles 0.822 0.636

Leaves 0.208 0.181

Mixture 0.127 0.177

The emission factors presented in Table 5 are consistent with the results of other
studies. In particular, the values of CO and CO2 recorded in the conducted experiments are
in agreement with those obtained in [27] (0.12–0.18 g/g for CO and 0.98–1.48 g/g for CO2)
during the combustion of forest litter (needles, leaves, and twigs). Moreover, the amount of
carbon monoxide and dioxide recorded in the present research was close to the data in [40]
that was obtained for wildfires in Portugal. The yield of CO in [40] was 0.07–0.38 g/g and
for CO2 was 1.02–1.65 g/g.

4.2. Gas Concentrations during the Suppression of Forest Fuel Fires Using Fire
Extinguishing Compositions

Figure 4 presents the images of the experiments involving the suppression of laboratory-
scale fires (timber) using extinguishing liquids with varying compositions and properties.
The images demonstrated different stages of combustion initiation and suppression. For
instance, at the first stage (I), flame combustion occurred immediately after the gas burner
was removed. At this stage, the emissions of CO and CO2 were too low for the sensors
in the gas analysis equipment to detect them. The second stage (II) corresponded to the
point when a firefighting liquid was supplied. The trends of the interaction between a
sprayed flow of firefighting liquid and a laboratory-scale fire with forest fuels were different.
Figure 4a,c indicates that shortly (within 5–10 s) after a bentonite slurry and a foaming
agent solution were supplied to the fire, the combustion intensity sharply decreased (the
flame was knocked down). However, that was not the case with a water and bischofite
solution. The smoldering stage (III) was characterized by a sharp decrease in the intensity
of combustion and a generation of smoke and combustion products. At this stage, the fire
extinguishing liquid supply was stopped, as the camera did not reveal any visible signs of
combustion and the fire surface temperature, estimated by the thermal imager readings, did
not exceed 200 ◦C. At the fourth and final stage (IV), there was no smoldering or gaseous
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combustion product release, which indicated the end of the thermal decomposition of
forest fuels.

Figure 5a,b and Supplementary Materials Videos S1 and S2 present the trends and
average concentrations of CO and CO2, produced in the continuous and cycling modes of
extinguishing laboratory-scale fires with timber using water. The CO concentration growth
corresponds to the time when a sprayed water flow was applied to the fire. The carbon
monoxide and dioxide concentrations peaked at 249 s.
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Figure 5. Trends of CO2 and CO (a) recorded in the cycling and continuous suppression of timber
fires. Average concentrations of CO2 and CO (b): 1—continuous water supply; 2—cycling spraying.

When liquid was supplied through nozzles to the reaction region for 30 s, the sprayed
water flow mixed with hot, moving gases. This results in the rapid evaporation of droplets
and the formation of water vapor. When water discharge was stopped for 3 s, the droplets
that had not evaporated absorbed the thermal energy from the combustion zone during
evaporation. The combustion intensity decreases. Thus, the droplets that did not evaporate
during the water discharge evaporated in the interval between the bursts, weakening the
flame combustion in each cycle.

The analysis of the gaseous products of timber pyrolysis and combustion when spray-
ing water using different techniques indicates (Table 6) that the yield of carbon monoxide
and dioxide in cycling spraying was 25–32% higher than in continuous spraying. This
might be due to the fact that the interval between water discharges was shorter than the op-
timal one or their duration was longer than was required. Experimentally, water discharges
lasting less than 30 s (10–15 s) did not generate enough water mist, thus reducing the heat
removal rate. This increased the combustion intensity between water discharges rather than
reducing it. The concentrations of CO2 and CO went up. With a water discharge time of
30 s and a pause between discharges of 3 s, the fire was suppressed in 5–6 bursts. However,
with an increase in the pause between water discharges to up to 5 s, the suppression time
increased compared to continuous water spraying. Hence, there was evidence to suggest
that the liquid consumption, suppression time, and emission of the thermal decomposition
products can be reduced by using proper patterns and techniques of liquid supply to
the fire, taking the specifics of heat and mass transfer into account. Water consumption
and suppression durations in cycling spraying were 1.4 times lower than in continuous
water supply.

Table 6. Yields of pyrolysis and combustion products of timber when spraying water using
different techniques.

Water Discharge Technique CO Yield, g/g CO2 Yield, g/g te, s Discharge Density, l/(m2·s)

Cycling water discharge 0.205 0.221 180 7.96
Continuous spraying 0.153 0.150 250 11.06

Figure 6a,b presents the trends of CO and CO2 concentrations produced in the interac-
tion of different fire extinguishing compositions with burning materials. Figure 6d shows
the average concentrations of carbon monoxide and dioxide during the extinguishment of
timber with different fire extinguishing compositions. The experiments revealed that the
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composition of the fire extinguishing liquid made a significant contribution to the concen-
tration ranges of the gaseous products of combustion. For instance, significant differences
were recognized (Figure 6) between gas concentrations when spraying solutions, slurries,
and emulsions. Thus, the maximum concentrations of CO and CO2 were recorded when
laboratory-scale fires involving timber were extinguished with a bentonite slurry and a
foaming agent solution. The lowest values were typical of extinguishing timber with a
bischofite solution (Supplementary Materials Video S3), which can be explained by the
different aspects of the interaction between fire extinguishing compositions and a forest
fuel layer. A bentonite slurry interacting with combustible material remained on its surface
and hardly penetrated into its deep layers. Thus, pyrolysis continues within the forest fuel
frame (Figure 4a), and the CO concentrations keep rising. When a foaming agent solution
was supplied to the fire, it spread on the material surface and, in contrast, penetrated into
the sample layer due to the lower surface tension of this composition. As a result, the
free surface of the timber was almost completely covered with the foaming agent solution.
Thus, most of the gaseous products of combustion were released at the initial point in time.
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Figure 6. Trends of CO2 (a) and CO (b) recorded in the suppression of laboratory-scale timber
fires using different fire extinguishing compositions. (c) Suppression times of laboratory-scale
timber fires using different fire extinguishing compositions. (d) Average concentrations of flue gas
components during the suppression of burning timber with different fire extinguishing compositions.
CO/CO2 ratios in the suppression of burning timber with different fire extinguishing compositions
(e): 1—bentonite slurry; 2—bischofite solution; 3—foaming agent solution; and 4—water.

As shown in Figure 6c, the lowest suppression times corresponded to the foaming
agent solution (#2) and bischofite solution (#3) and did not exceed 100 s. Despite a lower
discharge density, these compositions suppressed a fire 61% more effectively (in terms
of extinguishment time) than water (#4) and bentonite slurry (#2) did. Figure 6e shows
the ratios of carbon monoxide to carbon dioxide concentrations (CO/CO2) during the
extinguishment of timber with different fire extinguishing compositions. At this stage of
the thermal decomposition of the material, both of these gases were emitted. Thus, using
the changing CO to CO2 ratio made it possible to estimate the ranges of these indicators
when using water, a bentonite slurry, a bischofite solution, and a foaming agent solution.
The CO to CO2 ratios had comparable ranges for different firefighting compositions.

Table 7 provides the yields (g/g) of CO and CO2 in the extinguishment of forest fuels
with different firefighting compositions.

Table 7. Yields of pyrolysis and combustion products of forest fuel extinguished with fire
extinguishing agents.

Material
Water Bentonite Slurry Bischofite Solution Foaming Agent Solution

CO, g/g CO2, g/g CO, g/g CO2, g/g CO, g/g CO2, g/g CO, g/g CO2, g/g

Twigs 0.568 0.456
Timber 0.153 0.150 0.582 0.551 0.057 0.045 0.109 0.105
Needles 0.169 0.258
Leaves 0.181 0.149
Mixture 0.129 0.106

Table 7 shows that the yields (g/g) of CO and CO2 when extinguishing timber fires
with a bentonite slurry were 73% higher than when using water. The lowest emissions
were recorded when using a bischofite solution (63% lower than for water). The yields of
CO and CO2 can be reduced by 28% when using a foaming agent instead of water.

When different types of forest fuel (twigs, leaves, needles, and timber) were extin-
guished with water, some important aspects were understood (Figure 7). The highest
average concentrations of CO and CO2 were in the suppression of burning needles and a
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mixture of forest fuels. This was caused by the highly heterogeneous structure of the layer
of these materials, which led to intense thermal decomposition inside the material sample
despite the application of liquid to the fire. For leaves, the average concentrations of flue
gas components were slightly lower. When a sprayed water flow was in contact with the
surface of leaves, a considerable volume of liquid settled in the near-surface layers at the
initial point in time. In the deep layers, smoldering continues, accompanied by carbon
monoxide production.
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4.3. Relative Efficiency Indicators of Fire Extinguishing Agents

The obtained findings reveal that the trends of concentrations of the gaseous products
of thermal decomposition and combustion of materials were significantly different for
various types of forest fuels. In order to improve the efficiency of using firefighting
compositions in terms of the time and volume of liquid spent to extinguish a fire, as well
as anthropogenic emissions, the experimental findings were generalized using efficiency
factors. The weighted sum method was employed to determine the fire extinguishing
composition with the best performance based on the recorded parameters [41]. The best
value was chosen within each recorded parameter: time of suppression, discharge density,
and emission of gaseous products of pyrolysis and combustion. The lowest values in a set
were considered the best ones for the above parameters. The efficiency factor was given by
the following:

An = ∑ wj · xij (2)

where wj is the weighting factor of each parameter, xij is the normalized value of the
parameter. All the weighting factors add up to 1.

There are different approaches to calculating the efficiency factor. The first one implies
using equal weights for a group of factors. Such an approach helps evaluate the strengths
and weaknesses of the fire extinguishing agents under investigation. The second approach
relies on using unequal weighting factors. Such an approach evaluates the viability of a fire
extinguishing agent for practical tasks in terms of the priority of a contributing factor.

Table 8 shows the absolute values of the criteria obtained in the experimental research
for different fire extinguishing agents. For each criterion, the best value was chosen, and
the other values were normalized for this criterion relative to this one. The normalized
values are summed up in Table 9.
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Table 8. Efficiency criteria of fire extinguishing agents.

Criteria Water Bentonite Slurry Bischofite Solution Foaming Agent Solution

Extinguishing time, s 244 202 95 96
CO yield, g/g 0.153 0.582 0.057 0.109
CO2 yield, g/g 0.15 0.551 0.045 0.105
Discharge density,
l/(m2·s) 10.8 3.6 4.6 3.3

Table 9. Normalized criteria for fire extinguishing agent efficiency evaluation.

Criteria Water Bentonite Slurry Bischofite Solution Foaming Agent Solution

Extinguishing time, s 0.39 0.47 1 0.99
CO yield, g/g 0.37 0.098 1 0.52
CO2 yield, g/g 0.3 0.082 1 0.43
Discharge density,
l/(m2·s) 0.31 0.92 0.72 1

The calculations were performed for different firefighting compositions (Table 2)
when varying the weighting factors and priority of using the composition (environmental
friendliness, economic efficiency (in terms of time and materials spent on suppression)). The
range of the efficiency factor (An) was determined for the conditions when the environment
or saving material resources used for fire suppression is a top priority. Different weighting
factors are possible. The following cases were considered: for equal weighting factors
(case 1)—the sum of all weighting factors equals 1. Each summand of the equation (2) is
assigned the value 0.25; case 2—the environmental protection is a priority. The sum of all
weighting factors is 1. The maximum weighting factor (0.5) is assigned to environmental
indicators. The remaining summands of the equation are assigned equal weighting factors
(0.17); case 3—reducing the fire extinguishment time is a top priority (saving material
resources used for fire suppression). The sum of all weighting factors is 1. The maximum
weighting factor (0.5) is assigned to the time indicator. The remaining summands of the
equation are assigned equal weighting factors (0.17); case 4—reducing the fire extinguishing
liquid consumption is a top priority (saving material resources used for fire suppression).
The sum of all weighting factors is 1. The maximum weighting factor (0.5) is assigned to the
indicator characterizing the volumes of fire extinguishing liquid supplied. The remaining
summands of the equation are assigned equal weighting factors (0.17). Figure 8 presents the
efficiency factors of fire extinguishing agents (An) calculated for the cases described above.
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Variations in the weighting factor changed the overall indicator by An 5–21% (Figure 8).
Assigning the maximum weighting factor to the extinguishment time increased the An
for a bischofite solution and foaming agent solution by 5–11% compared to the other
cases. When environmental indicators (low toxic gas emissions) were a priority, the lowest
efficiency factor belonged to a bentonite slurry. When the firefighting agent consumption
was a priority, the maximum efficiency factor corresponded to a bischofite solution and
the foaming agent solution, the lowest one—to water. For water and bischofite solution,
there was no considerable difference when assigning the maximum weighting factors to
environmental and economic indicators. The proposed method of calculating the efficiency
factor of fire extinguishing agents can be applied to assess the quality of extinguishment
with a certain liquid.

5. Conclusions

The findings presented in this research allow analyzing the dynamics of the release
of gaseous substances from the thermal decomposition of typical forest fuels, which are
the basis of forest cover, as well as the effect of firefighting liquids with varying properties
and compositions on these processes. The conducted research enabled us to evaluate, to a
first approximation, the performance of different water-based firefighting compositions in
terms of the environment, economy, and energy (volumes of liquid necessary and sufficient
to suppress a fire). The recorded trends provide deeper insight into the release of gaseous
products of combustion when the thermal decomposition of forest fuel just begins and
there is no intense combustion while the seat of fire is local with a low intensity of heat
release. The differences identified in the concentrations of pyrolysis products in materials
lay the foundation for the modeling of processes that occur in the boreal zone.

(i) The conducted experiments demonstrated fundamental differences in the composition
of forest fuel pyrolysis and combustion products with and without the application
of promising fire extinguishing agents. Solutions, slurries, and emulsions were used.
Utilizing two gas analysis systems provided important patterns of flue gas composi-
tion changes throughout the time during a burning forest fuel fire. The CO and CO2
concentrations for typical forest fuels (leaves, needles, twigs, a mixture of these, and
timber) were found to differ by 35–52%.

(ii) The comparison of continuous and cycling modes of applying fire extinguishing
liquids to a forest fire revealed that the production of carbon monoxide and dioxide
in cycling spraying is slightly higher (25–32%) than in continuous spraying. However,
the amount of water required for extinguishment in cycling spraying is 1.4 times
smaller. The firefighting liquid composition plays a decisive role. For instance, signifi-
cant differences were identified between gas concentrations when spraying solutions,
slurries, and emulsions. The emission factors of CO and CO2 when extinguishing
timber fires with a bentonite slurry are 73% higher than when using water. The lowest
emissions were recorded when a bischofite solution was used to extinguish fires
involving timber. The yield of carbon monoxide and dioxide in this case was 63%
lower than when water was used. The production of CO and CO2 can be reduced by
28% when using a foaming agent solution instead of water.

(iii) When generalizing the experimental findings, wide ranges of efficiency factors were
defined for different forest fuels and liquids applied. The efficiency factor varied in
the range between 0.29 and 0.96. The created database of values can be used to choose
the type and volume of extinguishing agent as well as the discharge technique, taking
the requirements and priorities into account.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14040786/s1, Video S1: Video of the continuous suppression of
timber fires. Video S2: Video of cycling suppression of timber fires. Video S3: Video of laboratory-scale
fires under study at different combustion and suppression stages when using bischofite.
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