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Abstract: This study focuses on the energy potential and combustion process of torrefied wood.
Samples were prepared through the torrefaction of five types of wood: Ash, beech, oak, pine and
spruce. These were heated for 2 h at a temperature of 300 °C under a nitrogen atmosphere. Torrefied
wood was prepared from wood samples with dimensions of 100 x 100 x 20 mm?3. These dimensions
have enabled investigation of torrefied wood combustion in compact form. The effect of the external
heat flux on the combustion of the samples was measured using a cone calorimeter. The observed
parameters, include initiation times, heat release rate and combustion efficiency. The results show
that increasing the external heat flux decreases the evenness of combustion of torrefied wood. At the
same time, it increases the combustion efficiency, which reached an average value of approximately
72% at 20 kW m~2, 81% at 30 kW m~2 and 90% at 40 kW m 2. The calculated values of critical
heat flux of the individual samples ranged from 4.67 kW m~2 to 15.2 kW m~2, the thermal response
parameter ranged from 134 kW s%° m~2 to 297 kW s%> m~2 and calculated ignition temperature

check for ranged from 277 °C to 452 °C. Obtained results are useful both for energy production field and for

updates fire safety risk assessment of stored torrefied wood.
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polym13111748 1. Introduction

The current way in which natural fossil resources are consumed to provide energy
does not reflect the concept of sustainability [1]. Sustainable development is development
that meets the needs of the present without compromising the ability of future generations
to meet their own needs [2]. Therefore, the importance of renewable energy sources is
growing. One of the possible solutions may be a more efficient use of biomass. It is a
primary source of renewable carbon that can be utilised as a feedstock for biofuels or
biochemical production in order to achieve energy independence [3].

In 2015, the worldwide total primary energy supply was 13,647 Mtoe, of which 13.4%,
or 1823 Mtoe, came from renewable energy sources. Due to its widespread non-commercial
published maps and institutional affil-  US€ IN developing countries, solid biofuels/charcoal remains the largest renewable energy
{ations. source, representing 63.7% of the global renewable supply [4]. Torrefied wood is a fuel

with the potential to partially replace coal [5].

Torrefaction is a pyrolysis process carried out at a temperature range of 200 to 300 °C
under an inert atmosphere, which produces a high-quality solid biofuel that can be used for
combustion and gasification [3,6,7]. It removes moisture and low weight organic volatile
components and depolymerises the long polysaccharide chains, producing a hydrophobic
solid product with an increased energy density (on a mass basis) and greatly increased
grindability [8].
conditions of the Creative Commons Hemicellulose, cellulose, and lignin are the basic constituents of a biomass and their
Attribution (CC BY) license (https://  thermal behaviour is highly related to the degradation of the biomass in a high-temperature
creativecommons.org/licenses /by / environment. Biomass with torrefaction temperatures of 200 to 225 °C are described as light
4.0/). torrefaction; 250 °C as mild torrefaction, and 275 to 300 °C belong to severe torrefaction [6].
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Based on the thermal analysis results Chen and Kuo stated that xylan is always
sensitive to torrefaction in the temperature range of 200 to 300 °C. As the torrefaction
temperature is no higher than 225 °C, weight loss of hemicellulose is very low. This temper-
ature, thus, plays no part in thermal degradation of hemicellulose. Thermal degradation
of cellulose is slight if the torrefaction temperature is less than or equal to 250 °C [6].
By decomposing the reactive hemicellulose fraction, a fuel with increased energy density
is produced. [9] Simultaneously part of oxygen is removed from biomass [7]. During the
process of wood torrefaction and with increasing temperature and time of exposure, the
amount of fixed carbon, lignin and carbon in the end product also rises, with temperature
as the most important factor [10]. The liquid yield is also increased [11]. According to
Wannapeera and Worasuwannarak torrefaction conditions have impact on the elemental
composition of torrefied wood only at a higher mass yield (>80%). Energy yield decreases
with increasing degree of torrefaction [12].

The main gaseous products of the torrefied biomass combustion process are CO, and
H,O which confirms that carbon and hydrogen are significant compounds in torrefied
biomass. The amount of gas decreases with increasing torrefaction temperature, probably
because of gas removal during the torrefaction process [13]. Torrefied biomass has a higher
pyrolysis and combustion temperature due to moisture and volatiles removal and thermal
decomposition of its main components. Torrefaction also increases ash content and C/H
and C/O ratio of biomass [14]. The increase in ash content of torrefied biomass is mainly
due to mass loss during torrefaction reaction [15]. The lower O/C and H/C ratio is due
to removal of water and carbon dioxide [16]. Moisure absorption of torrefied wood is
significantly reduced due to loss of hydroxyl groups [15]. In 2019 there were produced
431 4342 t wastes from wood processing and the production of paper, cardboard, pulp,
panels and furniture in the Slovak republic [17]. Although, this waste can be used for the
production of other materials, such as eco-friendly, high-density fiberboards [18], 42.7% of
this amount, was incinerated with energy recovery [16]. The most harvested wood in the
Slovak Republic is spruce, followed by beech, fir and oak [19]. Based on data from 2019,
beech (34.2%), spruce (22.1%), oak (10.5%) and pine (6.6%) have the highest proportion
in forests in the Slovak Republic [20]. In relation to logging and tree species proportion,
beech, oak, spruce and pine were selected as samples. Ash was chosen as a representative
of less common species.

Although the torrefaction process has been used for a long time, it is still one of the
important energy recovery options for biomass waste. In contrast to most previous works,
torrefied wood was produced from bigger samples, not from disintegrated wood (this
research represents the border between laboratory and medium-sized experiments). The
burning of dust particles is significantly different from the burning of compact material.
For example, in the case of dust cloud, explosive combustion can occur [21]. Our approach
allowed the investigation of torrefied wood combustion in compact form, in the contrast
to previously published works. The literature also lacks a description of torrefied wood
in terms of its fire safety during storage. In these cases, it may be an additional fuel and
may result in an increase of heat release rate during a fire. This factor subsequently affects
the load-bearing capacity and integrity of the surrounding structures. Measurements
using a conical calorimeter are suitable for such assessment of materials [22,23]. The aim
of this article is to assess torrefied wood prepared from different woods using a cone
calorimeter. The obtained results can be used in terms of energy recovery or for the needs
of fire protection during storage.

2. Materials and Methods

Samples of five types of wood were selected for the preparation of torrefied wood.
These included the wood of three deciduous trees: ash (Fraxinus excelsior), beech
(Fagus sylvatica) and oak (Quercus petraea); and two coniferous trees: Spruce (Picea abies)
and pine (Pinus radiata). The samples were cut tangentially into pieces with dimensions of
100 mm x 100 mm and 20 mm width. The schematic of the sample preparation device
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is shown in Figure 1. The torrefaction process was based on a method indicated by Liu
et al. for the torrefaction of bamboo [24]. Nitrogen was used as the protective gas. It
was continuously supplied to the muffle furnaceat a flow rate of 500 mL min~!. The
samples of wood were dried at 105 °C for 24 h, and then they were inserted into the heated
Nabertherm Muffle Furnace L24/11/P330 (Nabetherm GmbH, Bremen, Germany) with
the temperature set at 300 °C. The residence time was 2 h. After torrefaction, the samples
were placed into a desiccator, where they cooled to the ambient temperature.
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Figure 1. The schematic of the sample preparation device: 1—gas exhaust; 2—furnace door;
3—muffle furnace; 4—nitrogen supply; 5—volumetric flow meter; 6—reducing valve; 7—nitrogen
supply tank; 8—samples.

The samples prepared were subsequently characterised by their proximate and ulti-
mate analyses. Volatile matter was determined according to EN ISO 18123 [25] and ash
content was measured in compliance with EN ISO 18122 [26]. Fixed carbon was calculated
according to:

FC=100—- (VM + A) 1)
where FC is fixed carbon content, VM is volatile matter content, and A is ash content.

Grounded and homogenized samples of torrefied wood were analysed (ultimate
analysis) by the ELEMENTAR varioMACROcube instrument (Elementar Analysensys-
teme, Hanau, Alemanha). Ground and homogenization of samples were performed by
Grindomix GM 200 knife mill (Retsch GmbH, Haan, Germany) at speed 10,000 min~—!
during 10 s.

The higher heating values of the samples were measured by the IKA C4000
(IKA Analysentechnik, Heitersheim, Germany) adiabatic calorimeter.

An important indicator of torrefaction is the energy yield, which indicates how much
energy remains in the samples. Applying the relationship indicated in the work of Bach
and Skrieberg, the energy yield of torrefied wood may be calculated as follows [27]:

Mtorrefied % HHVtorrefied
Mraw HHV;

where 1o, 1efieq is the mass of torrefied wood (kg), My is the mass of raw wood (kg),
HHVigprefied is the higher heating value of torrefied wood (M]/kg) and HH Ve fieq is the
higher heating value of raw wood (M]/kg).

The measurements were carried out using a cone calorimeter (Figure 2) according to
ISO 5660-1 [28]. The sample (2) was covered by aluminium foil on the surfaces that had
not been exposed to the heat flux and were inserted into the holder (1). The holder was
subsequently placed underneath the cone heater (4). The combustion gases were exhausted
via an exhaust hood (5), with the rate of the exhaust of the thermal decomposition products

Yy = x 100% @)
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regulated by adjustment of the fan (7). The extraction tube contained a circular perforated
probe (6), through which the combustion gases were sampled and analysed in the CO, CO,
and Oy analysers (8).

Figure 2. The schematic of the cone calorimeter: 1—sample holder, 2—sample, 3—initiator, 4—cone
heater, 5—exhaust hood, 6—combustion gas sample extraction, 7—fan, 8—combustion gas analyser.

The fan flow rate was set to 0.024 & 0.002 m® s~!, ambient temperature ranged from
22 °C to 27 °C and the relative humidity of air was 20-27%. The atmospheric pressure was
between 100.92-101.91 kPa. Measurements were performed at heat fluxes of 20 kW m~2,
30 kW m~2 and 40 kW m~2. Sampling interval was set to 5 s and grinding time was 1800 s.

Fuel quality is expressed by the combustion efficiency. According to Ferek et al. the
combustion efficiency of biomass can be calculated by the Equation (3) [29]:

[Clcon _
cE = (Ccor[Clco) 0.18 3)
0.82
where CE is the combustion efficiency, [C|-q, is the carbon emitted as CO,, and [C| is
the carbon emitted as CO.
The relationship characterising the time necessary for initiation can be written as [30]:

o 2
b= kac(Tl . TO) @)

e

where ¢; is the time to ignition, k is thermal conductivity, p is density, c is heat capacity, T; is
ignition temperature, Tj is ambient temperature, and g, is external heat flux. This equation
may be adjusted as follows:

TRP = (T; — To)kpc 5)
1_ .2 4
t; /7T TRP ©)

where TRP is the thermal response parameter. According to Xu et al., TRP is used as an
indicator of the ignition resistance of a material [31].
Hence, the critical heat flux (g.) is calculated as [32]:

% —0.76 @)
cr

where g; is the external heat flux with an infinite time necessary for initiation.
Therefore, the formula \/tI of g. allows the identification of the value of critical heat
flux and the thermal response parameter. An advantage of the TRP calculation by this
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method is that no data concerning density, heat capacity and thermal conductivity at
moment of ignition are needed.
Using the Stefan-Boltzman law, it is possible to conclude that:

_af (Xer 4
T = {f (20 + o) ®)
where Tj, is the ignition temperature at the critical heat flux and « is absorptivity, which is
equal to emissivity.

Impact of wood species on the average HRR and combustion efficiency was evaluated
by the Analysis of Variance (ANOVA) at a significance level « = 0.05. Wood species with
statistically equal combustion efficiency were revealed by the Duncan’s test. The StatSoft
STATISTICA 10 software was used for the ANOVA and Duncan’s test.

3. Results and Discussion

The mass of raw and torrefied samples are given in Table 1. The yield of torrefied wood
represented 37.77-46.40%. The lowest value corresponds to ash and the highest to oak.

Table 1. The mass of samples before and after the torrefaction.

Torrefied Wood Weight of Raw Samples (g) Weight of Torrefied Samples (g) Mass Yield of Torrefied Wood (%)
Ash 127.95 (£2.01) 48.31 (£2.39) 37.77 (£2.13)
Beech 131.11 (+4.28) 50.52 (£3.24) 38.51 (£1.65)
Oak 127.06 (£3.12) 58.91 (43.30) 46.40 (+3.05)
Pine 88.28 (£3.04) 38.98 (+£1.44) 44.20 (£2.30)
Spruce 81.05 (£1.88) 35.91 (£1.33) 44.30 (+1.23)
Numbers in parentheses represent standard deviation.

Proximate and ultimate analysis of individual torrefied wood samples (Table 2) indi-
cates a high carbon content, largely in the form of fixed carbon. Volatile matter represent
36.78-44.66% and ash ranges from 0.44% to 1.11%. In terms of elemental composition
the amount of hydrogen appears to be relatively low. Athough, when converted to the
amount of substance, it exceeds the oxygen content. Nitrogen and sulfur were present in
the samples in negligible amounts.

Table 2. Proximate and ultimate analysis of torrefied wood samples.
Proximate Analysis (%) Ultimate Analysis (%)
Torrefied Volatil Fixed
Wood olatile 1xe: a
o Matter Carbon Ash c H o N S
Ash 36.78 (£2.68)  62.11 (£2.54)  1.11(£031) 71.27(£0.62)  3.79 (£0.07)  23.52(£0.22)  0.22 (£0.04)  0.08 (0.03

( )

Beech 41.88 (£0.34) 57.16 (£0.18) 096 (£024)  70.55(£0.57)  4.03(£0.07) 2423 (£027)  023(£0.07)  0.00 (£0.00)
Oak 4216 (£0.35) 5741 (£053) 044 (£020)  69.57 (£0.56) 421 (£0.09) 2561 (£028)  0.16(£0.06)  0.01 (£0.01)
Pine 4460 (£1.67) 5470 (£1.69) 070 (£0.07)  72.57 (£0.72)  4.61(£0.08)  21.91(£0.30)  0.19 (£0.03)  0.02 (£0.01)
Spruce 4253 (4£247) 56.80 (£2.26)  0.67 (£022) 7059 (£0.63) 427 (£0.06)  24.34 (£0.25)  0.13(£0.03)  0.00 (+0.00)

Numbers in parentheses represent standard deviation; ® By calculation.

The high heating value was very similar in all torrefied wood samples (Table 3). Pine was
slightly different from other types of wood. Energy yield ranged between approximately 54.5%
and 66.5%. The ratio of O/C and H/C was 0.23-0.28 and 0.63-0.76, respectively.

The cone calorimeter was used to measure the time of initiation of combustion and
heat release rate (Figure 3, Table 4), as well as the overall amount of carbon oxides released,
which were used to calculate the combustion efficiency for each sample (Table 5).
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Table 3. The energy characteristics of samples of torrefied wood.

Atomic O/C Ratio Atomic H/C Ratio

Torrefied Wood HHV (k] g 1) Energy Yield (%) © ©
Ash 28.79 (+0.3) 54.57 (£2.90) 0.26 0.63
Beech 28.25 (£0.7) 55.02 (£1.99) 0.27 0.68
Oak 28.18 (£0.1) 66.58 (-4.45) 0.28 0.72
Pine 30.26 (£1.0) 63.83 (£1.09) 0.23 0.76
Spruce 28.64 (+0.7) 63.22 (+1.94) 0.27 0.72

Numbers in parentheses represent standard deviation.

Heat releae rate

Time

Figure 3. Phases of thermal degradation of torrefied wood: 1—pre-initiation phase, 2—initiation
phase, 3—even combustion phase, 4—sample overheat phase, 5—low combustion phase, 6—
heterogeneous combustion phase.

Table 4. Cone calorimeter results.

pPHRR [kW m~2] Time to pHRR [s] Average HRR [kW m—2]

Torrefied External Time to

Wood Heat Flux First Second First Second  Ignition [s] 300 s 600 s 1200 s
20 27.08 - 240 - 180 23.59 23.62 21.57

Ash 30 44.72 33.44 105 260 69 30.74 29.71 27.05
40 57.68 60.00 55 535 35 44.92 48.37 42.43

20 47.52 30.83 275 710 246 28.67 28.18 26.53

Beech 30 56.49 71.09 125 615 102 38.43 48.17 42.33
40 57.79 91.54 70 515 51 46.56 54.31 46.76

20 22.82 31.74 285 1745 165 19.23 20.03 22.61

Oak 30 56.22 29.86 130 655 107 32.79 29.72 28.08
40 72.78 54.34 40 670 24 43.68 42.92 42.90

20 39.75 28.19 215 490 181 27.26 26.56 25.01

Pine 30 86.86 64.12 60 605 45 47.24 50.37 42.60
40 83.620 91.99 30 560 17 58.34 67.01 51.61

20 44.16 34.38 130 1695 110 28.05 27.59 28.75

Spruce 30 63.43 - 50 - 33 35.07 30.76 26.73

40 83.99 49.08 30 125 17 46.79 44.25 35.12
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Table 5. Results of two-way ANOVA examining both the impact of wood species and heat flux on the average HRR during
investigated time intervals (300, 600 and 1200 s) at a significance level & = 0.05.

Average HRR in Time Interval [s]

ANOVA Coefficients

300 600 1200
p (wood species) 0.0108 0.0218 0.1009
F (wood species) 6.8152 5.3207 2.7934
Fit (Wood species) 3.8379 3.8379 3.8379
p (heat flux) 1.38 x 1075 0.0002 0.0009

F (heat flux) 61.62 28.65 18.65
Feit (heat flux) 4.4589 4.4589 4.4589

As to the visual comparison and rate of heat release, the process indicated in the

individual charts may be divided into 6 phases.

1.

The pre-initiation phase (the rate of heat release is essentially equal to zero, no visual
changes in the samples can be observed),

The initiation phase (heat release rate rapidly increases and then falls, it is possible to
see the beginning of combustion),

The even combustion phase (the rate of heat release is relatively constant, combustion
appears even),

The sample overheat phase (the heat release rate increases and reaches its second
peak, it is possible to observe a stronger flame),

The low combustion phase (the heat release rate decreases, it is possible to observe a
decrease in the intensity of the flame, leading to extinction), and

The heterogeneous combustion phase (the speed of heat release slowly decreases; it is
possible to observe blazing of the sample).

The phases are shown in Figure 3. For investigated samples of torrefied wood these

phases can be recognized in Figure 4.

Heat release rate (kW m?)

Heat release rate (kW m?)

Ash — Beech
— 20 kWam? w12 — 20 kW
—— 30kWm™ B —— 30 kW™
B .. gm 40 kW.m? = s 40 kWom?
2 B 2
= G 2
~ U
9 LY
2 a0 | i
S | v
) ke
- 20
-
=
'2 0
=
0 400 800 1200 1600 0 400 800 1200 1600
Time (s) Time (s)
Oak - Pine
) — 20kWan? T — 20kW.m?
i —— 30 kW = —= 30 kW.m?
H 80 )
i 3 seeree 40 KW.m™
]
= 60
-
2
2 40
=
2l
=20
-
-
9
==} 0
0 400 800 1200 1600 0 400 800 1200 1600
Time (s) Time (s)
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) i weere 40 KWom2
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2
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3} CSerid
£ 2 ROt vy
=
3
= 0

0 400 800 1200 1600
Time (s)

Figure 4. The change in heat release rate over time during the cone calorimeter measurements.
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Heat release rate curve with two peaks is common for thermally thick materials. The
first peak corresponds to the combustion of volatile combustibles before the formation
of the carbonized layer [33,34] and the second is very sensitive to the thickness of the
insulating substrate [35].

Impact of external heat flux and wood species on phases of thermal degradation
is different. Increase of the heat flux causes greater heating of samples. This greater
heating results in more clearly distinguished phases. All phases can be distinguished for
all investigated samples at heat flux of 40 kW-m~2. On the other hand, oak, spruce and ash
samples have more pronounced pre-initiation and initiation phases, while other phases
are not sharply distinguished under the heat flux of 30 kW-m~2. Under the heat flux of
20 kW-m~2 only the first phase and second phase can be seen in all cases.

Both the time to ignition and thus also the time duration of pre-initiation phase
of torrefied wood are dependent mainly on the external heat flux (Figure 5). The heat
flux radiated to the surface of the sample results in heating of the top layer of material.
Heating the material to a higher temperature results in a faster release of flammable
degradation products. When mixed with an oxidizing agent (mostly atmospheric oxygen),
a flammable composition capable of initiation is formed. This phenomenon is well known
and commonly used for ignition parameters calculation.

260
240
220
200
180 J
160
140

120
100

Time to ignition (s)

g0
G0

40
20

16 18 20 22 24 26 28 30 32 34 36 33 40 42

External heat flux (kW m=)
o Mean | Meanz0.95 Conf Interval

Figure 5. Impact of external heat flux on the time to ignition of torrefied wood.

Time duration of initiation phase was in the range from 51 to 104 s for all samples. Im-
pact of external heat flux on the time duration of this phase was not statistically significant.

The results clearly indicate that the higher the external heat flux, the higher the
combustion rate. The heat release rate values are also higher and their peaks are shifted
towards the beginning of the test.

If the external heat flux is 40 kW m~2, almost all the samples have two peaks. With an
external heat flux of 30 kW m~2, the sample overheat phase is less significant, and in the
case of spruce it is practically non-existent. When the samples were exposed to an external
heat flux of 20 kW m~2, the second peak was negligible.

In general, in torrefied ash and torrefied oak, the values of released heat are almost identical
to the amount of heat to which the surface of the samples is exposed. On the contrary, the
highest average heat release rates were achieved by torrefied pine and torrefied beech.

ANOVA (two-way ANOVA at a significance level of a« = 0.05) results revealing both
impact of wood species and heat flux on the average heat release rate for three time intervals
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(300, 600 and 1200 s) are in the Table 5. The data in Table 5 proved that impact of wood
species on the average heat release rate is only statistically significant for 300 and 600 s time
interval. Moreover, Table 5 proved statistically significant impact of heat flux on average
heat release rate for all investigated time intervals (300, 600 and 1200 s). The lowest value
of the heat release rate was reached by torrefied oak. Since this type of wood has high
resistance to ignition and burning even in the untreated state [36], it can be assumed that it
retains similar properties compared to other woods even after the torrefaction process.

The calculated combustion efficiency values are listed in Table 6. As the external
heat flux increases, so the combustion efficiency also increases, reaching, on average, less
than 71% at 20 kW m~2, more than 81% at 30 kW m~2 and almost 90% at 40 kW m™2.
The reason for the increase in combustion efficiency with increasing external heat flux is
that at higher heat flux levels there is more pronounced oxidation of the solid carbonaceous
layer formed on the sample during the cone calorimeter test.

Table 6. Combustion efficiencies of torrefied wood obtained using different heating fluxes.

Combustion Efficiency [%]

Torrefied Wood

de =20 kW m—2 e =30 kW m—2 qe =40 kW m~2
Ash 75.1 (6.8) b¢ 80.7 (9.5) 89.4 (5.4)
Beech 74.7 (7.2) abd 87.9 (5.8) 2 92.1 (4.5)2
Oak 61.8 (10.2) 73.1(9.3) 88.5 (5.5)
Pine 72.3(6.9) 2 87.6 (6.1)2 922 (4.2)2
Spruce 74.4 (7.0) °d 77.8 (4.8) 85.7 (7.4)

Numbers in parentheses represent standard deviation, ® wood species with statistically equal combustion
efficiencies at all investigated heat fluxes, 4 wood species with statistically equal combustion efficiency at heat
flux of 20 kW-m~2.

ANOVA results of the impact of wood species on the combustion efficiency for investi-
gated heat fluxes of 20, 30 and 40 kW-m 2 are in the Table 7. Data in the Table 7 proved that
the type of wood species has statistically significant impact on the combustion efficiency.

Table 7. Results of ANOVA examining the impact of wood species on the combustion efficiency for
heat fluxes of 20, 30 and 40 kW-m~2 (at significance level a = 0.05).

Heat Flux [kW-m—2]

ANOVA Coefficients
20 30 40
p 3.9 x 1071%7 2.7 x 107183 1 x 107%
F 192.03 272.77 85.75
Feit 2.38 2.38 2.38

ANOVA is able to evaluate if there are statistically significant differences between in-
vestigated samples. However, this method is not able to evaluate between which samples
are significant differences. The Duncan’s test was used for this purpose. The results of the
Duncan’s test are implemented to Table 6. The obtained results proved that in all investigated
heat fluxes (from 20 to 40 kW-m~?2), the difference between the pine wood and the beech wood
combustion efficiency are not significant (Duncan’s test p value is higher than 0.05). At heat
flux of 20 kW-m~2, the differences between the beech and ash wood, between spruce and ash
wood and between spruce and beech wood are statistically insignificant.

By simplifying the situation and stating that the surface of torrefied wood behaves
like a black body, the emissivity of torrefied wood becomes 1. The initiation temperatures
calculated in this way, as well as the critical heat fluxes, the thermal response parameters
and the respective determination coefficients, are indicated in Table 8.
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Table 8. Critical heat flux and thermal response parameter of torrefied wood.
Torrefied Wood Crithc(a;lvl;l:i]F Tux Therll:;:;rﬁzfgronse {{j Ignition ;l;%r]lperature
[kW s%5 m—2]
Ash 5.7 240 0.9997 303
Beech 4.67 297 0.9981 277
Oak 13.2 179 0.8590 428
Pine 15.2 134 0.9959 452
Spruce 8.9 152 0.9984 365

For solution of many tasks regarding fire safety of polymers average values of igni-
tion parameters are very important. The average values of the most important ignition
parameters of torrefied wood are in the Table 9.

Table 9. Average ignition parameters of torrefied wood.

Ignition Parameter Value + Standard Deviation
Critical heat flux [kW-m~2] 9.5+ 4.6
Thermal response parameter [kW-s*.m~2] 200.4 £67.3
Ignition temperature [°C] 365 + 76

The yield of torrefied wood decreases with increasing temperature and time. For pine,
Burgois and Guyonnet state that after 4 h at a temperature of 260 °C, it fell to 50.13%. It
contained 70.71% of carbon and 24.49% of oxygen and 4.66% of hydrogen. The volatile
combustible matter was 47.6% [37]. These values resemble the data that characterises the
prepared torrefied wood samples. Although cited authors prepared torrefied wood at
lower temperature, its influence was compensated by the longer time interval.

At 290 °C, Manouchehrinejad, van Giesen and Mani report a significantly higher
volatile matter content (63.57) and a lower amount of fixed carbon (35.62) [38]. However,
in the torrefaction process they used, the wood chips were exposed to an increased temper-
ature for only 30 min. For the case of wood pellets of the torrefied wood mentioned above,
the measured components are slightly closer to those of our samples.

Lee et al. also indicate that the ratio of volatile matter/fixed carbon. They report a
value of 0.78 for torrefied wood pellets prepared at a temperature of 300 °C for at least 4 h,
which corresponds to the values from our measurements (0.59-0.81). The carbon content
(74.8%) and higher heating value (28.8 k] g~!) are also similar. The hydrogen content is
higher (5.1%) and the oxygen content is lower (19.2%). The energy yield is also slightly
higher (69.6%) [39].

Strandberg et al. prepared torrefied wood from spruce at temperature of 310 °C
during 25 min. The mass yield in the above-mentioned study (46%) was higher than mass
yield from spruce prepared in this work. On the other hand energy yield published by
Strandberg et al. was slightly lower (62%) than energy yield of spruce wood in this study.
The elemental composition of torrified spruce wood in both studies were very similar
(sample in this study contained slightly more carbon and less hydrogen and oxygen).
Significant difference between torrified spruce wood was in volatile matter (51.5%) and
fixed carbon (47.8%) stated in this and above-mentioned study [40]. The obtained results
proved slightly higher degree of spruce wood torrefaction caused by longer duration of
heat load.

Energy yield of pine wood sawdust torrefied at 300 °C for 6 min is 85.71% with higher
heating value of 22.35 MJ kg_1 [41]. Similar to [41] the degree of torrefaction is much lower
than in the case of torrefied pine at 300 ° C for 120 min due to the short exposure time of
wood to high temperature.
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Magdiarz, Wilk and Straka prepared (by torrefaction of fuel wood at temperature
of 290 °C during 60 min) product that contains: 62.5-66.4% of carbon and 4.48—4.56% of
hydrogen. Calorific value of this product was 24.4 MJ kg~!-26.2 MJ kg~!. Mass yield and
energy yield were 39-43%, and 58-61%, respectively [13]. These values are almost the same
as values obtained in this study. Although, the cited authors used a shorter time period in
thermal loading, they prepared very similar product (the cause was the use of lower sized
samples in the cited paper).

Solid fuels are always characterised based on their elementary H/C/O balances.
A Van Krevelen diagram shows that there is a clear increase in the heating value of the
different solid fuels by increasing the H/C and decreasing the O/C ratios [42]. The ranking
of the results of the torrified wood samples compared to other fuels is shown in Figure 6.
Torrefied pine clearly has similar features to coal. Similarly, Elaieb et al. described the
charcoal produced by carbonization at a temperature of 550 °C over the course of 6 h [43].

Biomass
- Peat
B Lignite
Coal _—~ o Torrefied wood
3 = Ash
I o + Beech
/ 3
[ | |
)
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§§§ Anthracite
A 1 1 1 | 1 | 1 |
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Atomic O/C ratio

Figure 6. Graphic representation of the tested samples in a Van Krevelen diagram (based on Prins et al. [44]).

As to safe storage, it is necessary to evaluate the ability of the individual materials
to contribute to the ignition and spread of fire. It is important to know their reactions
to sources of radiant heat, which include both hot surfaces (e.g., heaters) and flame re-
radiation. The cone calorimeter measurements were used for this purpose. As mentioned
above, there were two peaks in the measurement of the heat release rate. It is well-known
that the first peak is linked to the combustion ignition. The second one was recorded at the
end of the measurements. This process is also typical of untreated wood. When a sample
of finite thickness is burned in a heat release calorimeter, the HRR increases toward the
end of the test as a result of the near adiabatic conditions on the unexposed side [45]. The
effective heat of pyrolysis is low when the thermal wave reaches the rear insulating surface
and the original material is already preheated to the pyrolysis temperature [33].

Several authors have observed the effect of thermal treatment of the wood on the rate
of heat release during combustion. Luptakova et al. states that heat treatment of wood at
temperatures of 200-260 °C resulted in a lower mass loss a lower average relative burning
rate, but it did not influence ignition time, the flame-out time, and maximum burning
rate [46]. Based on measurements taken at external heat fluxes of 15-40 kW m~2 Martinka
et al. state that the heat treatment of spruce causes a significant decrease in the maximum
heat release rate [47]. Xing and Li. reached similar conclusions [48]. Lahtela and Karki
impregnated thermally treated wood with melamine and found that the heat treatment
reduced the HRR values, but melamine impregnation before heat treatment was able to
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raise it to a higher value [49]. The aforementioned values of the peak heat release rates are
significantly higher than for torrefied wood, which may be ascribed to the significantly lower
temperatures used for the thermal treatment (180220 °C) as opposed those used in torrefaction.

Elaieb et al. used a cone calorimeter to directly test the carbonized wood. However,
they employed an oil burner as an initiator and observed the ignition time, combustion
duration; combustion states and smoke [43]. For these reasons, it is impossible to compare
the sets of results.

The critical heat fluxes calculated based on the initiation times, the thermal response
parameters and initiation temperatures of torrefied wood resemble those stated by other
authors for different types of wood (Table 10). Hence, the samples may be classified into
two groups based on the calculated values of critical heat flux: Torrefied ash, torrefied
beech and torrefied spruce reach values of less than 10 kW m~2, and torrefied oak and
torrefied pine over 10 kW m~2. Nonetheless, for torrefied oak, the correlation coefficient of
the corresponding equation is significantly lower, which is why the values of critical heat
flux, heat response parameter and initiation temperature are only indicative.

Table 10. Critical heat fluxes and thermal response parameters of selected types of wood.

Thermal Response

Wood Crlthcg/lv I-II:E’; ]Flux [kar:(fsler:lele Ignition El;eél]lperature Source
Douglas fir 18 182 478 [31]
Scots pine 19 164 488 [31]

Southern pine 19 201 488 [31]
Shorea 16 152 456 [31]
Merbau 40 275 643 [31]
Redwood 155 - 375 [32]
Red oak 108 - 304 [32]
Douglas fir 16.0 - 384 [32]
Maple 13.9 - 354 [32]
Nordic spruce 19.0 291 488 [33]
Fir 11.6-12.0 128-144 372.7 [50]
Radiata pine 13.2 - - [51]
Pacific maple 10.3 - - [51]
Sugar pine 14.0 - - [51]
Bamboo 6.0-8.0 235-376 297-340 [52]

Spruce 10.1 - - [53]
Softwood 10.0 - - [54]
Leadwood 15.0 376.2 - [55]

Mopani 144 161.2 - [55]
Tamboti 5.9 352.7 - [55]
Stinkwood 9.2 173.6 - [55]
Real Yellowwood 1.3 232.2 - [55]

4. Conclusions

Based on the measurements conducted on samples of torrefied wood from five differ-
ent types of wood, it was discovered that the placement of such fuel in the van Krevelen
chart is close to coal and lignite. Treatment at 300 °C for 2 h under nitrogen also appears
to be sufficient for samples with dimensions of 100 mm x 100 mm X 20 mm with an
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energy vield from 49.45 to 61.09%. The samples were measured on cone calorimeter in
a compact form. Therefore, the obtained results are suitable for use especially in places
where torrefied wood does not occur in the crushed state.

The heat release rate increases with increasing external heat flux, although it also
increases unsteadiness of combustion. Two clear peaks occur in the heat release rate at
an external heat flux of 40 kW m~2, but these are significantly lower than those from
the thermally untreated biomass. The combustion of the torrefied wood while making
measurements using a cone calorimeter can be divided into 6 phases: Pre-initiation phase,
the initiation phase, the even combustion phase, the sample overheat phase, the low
combustion phase and the heterogeneous combustion phase.

The combustion efficiency identified based on the amount of CO and CO; in the combus-
tion gases increases as the external heat flux increases. On average, it reaches almost 71% at a
heat flux of 20 kW m~2, more than 81% at 30 kW m~2 and almost 91% at 40 kW m 2.

Torrefied wood increases the fire load of fire compartments during storage (in com-
parison with unmodified wood). The obtained results are key for designing the fire safety
of buildings where this material is stored.

Author Contributions: Conceptualization, PR.; methodology, PR. and A.H.; formal analysis, PR. and
J.M.; investigation, PR. and A.H.; resources, ].M.; data curation, PR., .M. and A .H.; writing—original
draft preparation, P.R.; writing—review and editing, P.R. and ].M.; visualization, P.R.; supervision,
J.M.; project administration, P.R.; funding acquisition, ]. M. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Slovak Research and Development Agency under the
contract No. APVV-16-0223. This work was also supported by the KEGA Agency under the contract
No. 0165TU-4/2021. This work was supported by the Scientific Grant Agency, project VEGA
1/0403/19.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Zorpas, A.A,; Pociovalisteanu, D.M.; Georgiadou, L.; Voukkali, I. Environmental and technical evaluation of the use of alternative
fuels through multi-criteria analysis model. Prog. Ind. Ecol. 2016, 10, 3-15. [CrossRef]

2. Brundtland Commission. Our common future, Chapter 2: Towards sustainable development. In World Commission on Environment
and Development (WCED); United Nation: Geneva, Switzerland, 1987.

3. Medic, D.; Darr, M.; Potter, B.; Shah, A. Effects of torrefaction process parameters on biomass feedstock upgrading. Fuel 2012, 91,
147-154. [CrossRef]

4.  International Energy Agency. Renewables Information: Overview; International Energy Agency: Paris, France, 2017.

5. Lu, KM, Lee, WJ.; Chen, WH.; Lin, T.C. Thermogravimetric analysis and kinetics of co-pyrolysis of raw /torrefied wood and
coal blends. Appl. Ener. 2013, 105, 57-65. [CrossRef]

6.  Chen, WH.; Kuo, P.C. Isothermal torrefaction kinetics of hemicellulose, cellulose, lignin and xylan using thermogravimetric
analysis. Energy 2011, 36, 6451-6460. [CrossRef]

7. Vander Stelt, M.].C.; Gerhauser, H.; Kiel, ].H.A; Ptasinski, K.J. Biomass upgrading by torrefaction for the production of biofuels:
A review. Biomass Bioenergy 2011, 35, 3748-3762. [CrossRef]

8.  Bridgeman, T.G.; Jones, ].M.; Shield, I.; Williams, P.T. Torrefaction of reed canary grass, wheat straw and willow to enhance solid
fuel qualities and combustion properties. Fuel 2008, 87, 844-856. [CrossRef]

9.  Prins, M.J,; Ptasinski, K.J.; Janssen, FJ.J.G. Torrefaction of wood: Part 1. Weight loss kinetics. J. Anal. Appl. Pyrolysis 2006, 77,
28-34. [CrossRef]

10. Bourgois, J.; Bartholin, M.C.; Guyonnet, R. Thermal treatment of wood: Analysis of the obtained product. Wood Sci. Technol. 1989,
23, 303-310. [CrossRef]

11.  Chen, WH,; Hsu, H.C.; Lu, KM,; Lee, W].; Lin, T.C. Thermal pretreatment of wood (Lauan) block by torrefaction and its influence
on the properties of the biomass. Energy 2011, 36, 3012-3021. [CrossRef]

12. Wannapeera, J.; Worasuwannarak, N. Examinations of chemical properties and pyrolysis behaviors of torrefied woody biomass
prepared at the same torrefaction mass yields. J. Anal. Appl. Pyrol. 2015, 115, 279-287. [CrossRef]

13. Magdziarz, A.; Wilk, M.; Straka, R. Combustion process of torrefied wood biomass. J. Therm. Anal. Calorim. 2017, 127, 1339-1349.

[CrossRef]


http://doi.org/10.1504/PIE.2016.078076
http://doi.org/10.1016/j.fuel.2011.07.019
http://doi.org/10.1016/j.apenergy.2012.12.050
http://doi.org/10.1016/j.energy.2011.09.022
http://doi.org/10.1016/j.biombioe.2011.06.023
http://doi.org/10.1016/j.fuel.2007.05.041
http://doi.org/10.1016/j.jaap.2006.01.002
http://doi.org/10.1007/BF00353246
http://doi.org/10.1016/j.energy.2011.02.045
http://doi.org/10.1016/j.jaap.2015.08.007
http://doi.org/10.1007/s10973-016-5731-0

Polymers 2021, 13, 1748 14 of 15

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.
43.

Mi, B.; Liu, Z.; Hu, W.; Wei, P; Jiang, Z.; Fei, B. Investigating pyrolysis and combustion characteristics of torrefied bamboo,
torrefied wood and their blends. Biores. Technol. 2016, 209, 50-55. [CrossRef] [PubMed]

Phanphanich, M.; Mani, S. Impact of torrefaction on the grindability and fuel characteristics of forest biomass. Bioresour. Technol.
2011, 102, 1246-1253. [CrossRef] [PubMed]

Prins, M.].; Ptasinski, K.J.; Janssen, EJ. More efficient biomass gasification via torrefaction. Energy 2006, 31, 3458-3470. [CrossRef]
Statistical Office of the Slovak Republic. Waste in Slovak Republic in 2019; Statistical Office of the Slovak Republic:
Bratislava, Slovakia, 2020; p. 99.

Antov, P; Savov, V; Krist'dk, L.; Réh, R.; Mantanis, G.I. Eco-friendly, high-density fiberboards bonded with urea-formaldehyde
and ammonium lignosulfonate. Polymers 2021, 13, 220. [CrossRef]

Statistical Office of the Slovak Republic. Forest Management in the Slovak Republic in 2005-2009; Statistical Office of the Slovak
Republic: Bratislava, Slovakia, 2010; p. 53.

Ministry of Agriculture and Development of the Slovak Republic, National Forest Centre. Green report. In Report on the Forest
Sector of the Slovak Republic 2019; Ministry of Agriculture and Development of the Slovak Republic, National Forest Centre:
Bratislava, Slovakia, 2020; p. 68.

Vandlickova, M.; Markov4, I.; Makovicka Osvaldova, L.; Gaspercova, S.; Svetlik, J.; Vraniak, J. Tropical wood dusts—granulometry,
morfology and ignition temperature. Appl. Sci. 2020, 10, 7608. [CrossRef]

Wang, Z.; Ning, X.; Zhu, K;; Hu, J.; Yang, H.; Wang, J. Evaluating the thermal failure risk of large-format lithium-ion batteries
using a cone calorimeter. J. Fire Sci. 2019, 37, 81-95. [CrossRef]

Cai, W.; Zhao, Z.; Wang, W.; Guo, W.; Wang, X.; Hu, Y. Combustion behavior characterization of major crops through cone
calorimeter. Fire Mater. 2020, 44, 693-703. [CrossRef]

Liu, Z.; Hu, W,; Jiang, Z.; Mi, B.; Fei, B. Investigating combustion behaviors of bamboo, torrefied bamboo, coal and their respective
blends by thermogravimetric analysis. Renew. Energ. 2016, 87, 346-352. [CrossRef]

EN ISO 18123:2015—Solid biofuels. Determination of the Content of Volatile Matter; International Organization for Standardization:
Geneva, Switzerland, 2015.

EN ISO 18122: 2015—Solid Biofuels. Determination of Ash Content; International Organization for Standardization:
Geneva, Switzerland, 2015.

Bach, Q.V.; Skreiberg, @. Upgrading biomass fuels via wet torrefaction: A review and comparison with dry torrefaction. Renew.
Sustain. Energy Rev. 2016, 54, 665-677. [CrossRef]

ISO 5660-1:2015—Reaction to fire tests. Heat Release, Smoke Production and Mass Loss Rate. Part 1: Heat Release Rate (Cone Calorimeter
Method) and Smoke Production Rate (Dynamic Measurement); International Organization for Standardization: Geneva, Switzerland, 2015.
Ferek, RJ.; Reid, ].S.; Hobbs, P.V.; Blake, D.R.; Liousse, C. Emission factors of hydrocarbons, halocarbons, trace gases and particles
from biomass burning in Brazil. ]. Geophys. Res. Atmos. 1998, 103, 32107-32118. [CrossRef]

Fateh, T.; Rogaume, T.; Luche, J.; Richard, E; Jabouille, F. Characterization of the thermal decomposition of two kinds of plywood
with a cone calorimeter—FTIR apparatus. J. Anal. Appl. Pyrol. 2014, 107, 87-100. [CrossRef]

Xu, Q.; Chen, L.; Harries, K.A.; Zhang, F; Liu, Q.; Feng, ]. Combustion and charring properties of five common constructional
wood species from cone calorimeter tests. Constr. Build. Mater. 2015, 96, 416—427. [CrossRef]

Spearpoint, M.J.; Quintiere, ].G. Predicting the piloted ignition of wood in the cone calorimeter using an integral model—effect of
species, grain orientation and heat flux. Fire Saf. ]. 2001, 36, 391-415. [CrossRef]

Hagen, M.; Hereid, J.; Delichatsios, M.A.; Zhang, ].; Bakirtzis, D. Flammability assessment of fire-retarded Nordic Spruce wood
using thermogravimetric analyses and cone calorimetry. Fire Saf. J. 2009, 44, 1053-1066. [CrossRef]

Wang, Y.; Zhao, ]. Facile preparation of slag or fly ash geopolymer composite coatings with flame resistance. Constr. Build. Mater.
2019, 203, 655-661. [CrossRef]

Ritchie, S.J.; Steckler, K.D.; Hamins, A.; Cleary, T.G.; Yang, ].C.; Kashiwagi, T. The effect of sample size on the heat release rate of
charring materials. Fire Saf. Sci. 1997, 5, 177-188. [CrossRef]

Osvaldova Makovicka, L.; Castellanos, J.-R.S. Burning rate of selected hardwood tree species. Acta Fac. Xylologiae Zvolen Publica
Slovaca 2019, 61, 91-97.

Bourgois, J.; Guyonnet, R. Characterization and analysis of torrefied wood. Wood Sci. Technol. 1988, 22, 143-155. [CrossRef]
Manouchehrinejad, M.; Van Giesen, I.; Mani, S. Grindability of torrefied wood chips and wood pellets. Fuel Process. Technol. 2018,
182, 45-55. [CrossRef]

Lee, Y.;; Yang, W,; Chae, T.; Kang, B.; Park, J.; Ryu, C. Comparative Characterization of a Torrefied Wood Pellet under Steam and
Nitrogen Atmospheres. Energy Fuel. 2018, 32, 5109-5114. [CrossRef]

Strandberg, M.; Olofsson, I.; Pommer, L.; Wiklund-Lindstrom, S.; Aberg, K.; Nordin, A. Effects of temperature and residence time
on continuous torrefaction of spruce wood. Fuel Process. Technol. 2015, 134, 387-398. [CrossRef]

Yang, I.; Cooke-Willis, M.; Song, B.; Hall, P. Densification of torrefied Pinus radiata sawdust as a solid biofuel: Effect of key
variables on the durability and hydrophobicity of briquettes. Fuel Process. Technol. 2021, 214, 106719. [CrossRef]

Ranzi, E.; Faravelli, T.; Manenti, E. Pyrolysis, gasification, and combustion of solid fuels. Adv. Chem. Eng. 2016, 49, 1-94.

Elaieb, M.T.; Khouaja, A.; Khouja, M.L.; Valette, J.; Volle, G.; Candelier, K. Comparative study of local tunisian woods properties
and the respective qualities of their charcoals produced by a new industrial eco-friendly carbonization process. Waste Biomass
Valori. 2018, 9, 1199-1211. [CrossRef]


http://doi.org/10.1016/j.biortech.2016.02.087
http://www.ncbi.nlm.nih.gov/pubmed/26950755
http://doi.org/10.1016/j.biortech.2010.08.028
http://www.ncbi.nlm.nih.gov/pubmed/20801023
http://doi.org/10.1016/j.energy.2006.03.008
http://doi.org/10.3390/polym13020220
http://doi.org/10.3390/app10217608
http://doi.org/10.1177/0734904118816616
http://doi.org/10.1002/fam.2843
http://doi.org/10.1016/j.renene.2015.10.039
http://doi.org/10.1016/j.rser.2015.10.014
http://doi.org/10.1029/98JD00692
http://doi.org/10.1016/j.jaap.2014.02.008
http://doi.org/10.1016/j.conbuildmat.2015.08.062
http://doi.org/10.1016/S0379-7112(00)00055-2
http://doi.org/10.1016/j.firesaf.2009.07.004
http://doi.org/10.1016/j.conbuildmat.2019.01.097
http://doi.org/10.3801/IAFSS.FSS.5-177
http://doi.org/10.1007/BF00355850
http://doi.org/10.1016/j.fuproc.2018.10.015
http://doi.org/10.1021/acs.energyfuels.7b03067
http://doi.org/10.1016/j.fuproc.2015.02.021
http://doi.org/10.1016/j.fuproc.2020.106719
http://doi.org/10.1007/s12649-016-9780-1

Polymers 2021, 13, 1748 15 of 15

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Prins, M.].; Ptasinski, K.J.; Janssen, FJ.].G. From coal to biomass gasification: Comparison of thermodynamic efficiency. Energy
2007, 32, 1248-1259. [CrossRef]

Tran, H.C.; White, R.H. Burning rate of solid wood measured in a heat release rate calorimeter. Fire Mater. 1992, 16, 197-206.
[CrossRef]

Luptékova, J.; Kacik, F.; Mitterova, I.; Zachar, M. Influence of Temperature of Thermal Modification on the Fire-technical
Characteristics of Spruce Wood. BioResources 2019, 14, 3795-3807.

Martinka, J.; Hroncova, E.; Chrebet, T.; Balog, K. The influence of spruce wood heat treatment on its thermal stability and burning
process. Eur. ]. Wood Wood Prod. 2014, 72, 477-486. [CrossRef]

Xing, D.; Li, ]. Effects of heat treatment on thermal decomposition and combustion performance of Larix spp. wood. BioResources
2014, 9, 4274-4287. [CrossRef]

Lahtela, V.; Kérki, T. The influence of melamine impregnation and heat treatment on the fire performance of Scots pine
(Pinus sylvetris) wood. Fire Mater. 2016, 40, 731-737. [CrossRef]

Batiot, B.; Luche, J.; Rogaume, T. Thermal and chemical analysis of flammability and combustibility of fir wood in cone calorimeter
coupled to FTIR apparatus. Fire Mater. 2014, 38, 418-431. [CrossRef]

Moghtaderi, B.; Novozhilov, V.; Fletcher, D.F,; Kent, J.H. A new correlation for bench-scale piloted ignition data of wood. Fire
Saf. . 1997, 29, 41-59. [CrossRef]

Xu, Q.; Chen, L.; Harries, K.A.; Li, X. Combustion performance of engineered bamboo from cone calorimeter tests. Eur. |. Wood
Wood Prod. 2017, 75, 161-173. [CrossRef]

Park, H.].; Lee, S.M. Combustion Characteristics of Spruce Wood by Pressure Impregnation with Waterglass and Carbon Dioxide.
Fire Sci. Eng. 2012, 26, 18-23. [CrossRef]

Shields, T.J.; Silcock, G.W.; Murray, J.J. Evaluating ignition data using the flux time product. Fire Mater. 1994, 18, 243-254.
[CrossRef]

Maake, T.; Asante, ].; Mwakikunga, B. Fire performance properties of commonly used South African hardwood. . Fire Sci. 2020,
38, 415-432. [CrossRef]


http://doi.org/10.1016/j.energy.2006.07.017
http://doi.org/10.1002/fam.810160406
http://doi.org/10.1007/s00107-014-0805-9
http://doi.org/10.15376/biores.9.3.4274-4287
http://doi.org/10.1002/fam.2338
http://doi.org/10.1002/fam.2192
http://doi.org/10.1016/S0379-7112(97)00004-0
http://doi.org/10.1007/s00107-016-1074-6
http://doi.org/10.7731/KIFSE.2012.26.4.018
http://doi.org/10.1002/fam.810180407
http://doi.org/10.1177/0734904120930342

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

