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Abstract

Non-conventional torrefaction under partially oxidative conditions is an emerging cost-effective thermochemical pre-treat-
ment method to improve the quality of biomass for energy applications. The literature lacks data on the combustion of bio-
mass torrefied under oxygen-deficient atmosphere with actual reactor conditions (inevitable non-uniformities in the thermal
environment). In this work, a dual mode fixed-bed biomass (torrefaction) reactor and combustor was operated on Australian
biomass pellets, to torrefy the fuels at 275 °C for 30 min using partially oxidative atmosphere (O,: 5 vol%, balance N,) and
then to combust them. Combustion behaviour with a particular focus on gaseous emissions of raw, blended (25% torrefied),
and torrefied (100%) pellet fuels in a batch-type combustor was investigated. The decomposition behaviour was analysed
in a thermogravimetric analyser to understand the impact of biomass constituents on the direct combustion of the tested
samples. Results indicate that unlike the combustion of raw biomass, the fuels torrefied under partially oxidative conditions
burned 45% faster, attained high packed-bed temperatures (1382 °C) and exhaust gas temperatures (657 °C) then latter (bed:
1128 °C, exhaust: 574 °C) at similar airflow. Additionally, 100% torrefied pellets emitted 38% less NOx compared to raw
biomass pellets. However, low CO values for torrefied biomass were attained at higher primary airflows compared to raw.
The combustion of 100% torrefied biomass in a fixed-bed was dominated by both flaming and smouldering phases with a
modified combustion efficiency (MCE) value of 91%, whereas raw biomass combustion occurred in flaming phase with an
MCE value of 98% at same airflow (0.35 kg-m~2-s~!). The outcomes of this work provide useful insights into the viability
of using biomass fuels torrefied under partially oxidative conditions alongside other industrial processes generating (waste)
heat and flue gases.
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Introduction

Woody biomass is a carbon neutral (renewable) fuel but in
its raw form has several limitations, i.e. high moisture, high
oxygen, poor grindability, low calorific value and hygro-
scopic nature, all of which makes its use rather difficult for
direct combustion [1]. Densification (through pelletisation)
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and thermal treatment (via torrefaction) helps overcome
most of these drawbacks [2]. It is well reported in the lit-
erature that the torrefaction modifies the composition, i.e.
hemicellulose, cellulose and lignin of the original biomass
[3], all of which yields different ignition, burnout and peak
temperatures during combustion [4]. Therefore, combustion
of raw and torrefied biomass under similar reactor conditions
(temperature controlled, airflow etc.) is not realistic.

The significance of torrefied biomass is that when the
raw fuel is subjected to the typical 200-300 °C heating in
an inert environment, this lowers the hemicellulose fraction
binding the cellulose fibrils, thus improving grindability [5]
and leading to other positive effects on the thermo-chemical
and thermo-physical properties of biomass [6]. However,
one of the challenges impeding the wider adoption of torre-
fied biomass in exiting coal-fired power plants [7] is the need
to undertake such thermal treatment in an inert atmosphere.
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The lab-scale use of pure nitrogen makes the process costly
if implemented at an industrial scale; therefore, adopting tor-
refied biomass remains challenging for large-scale industrial
applications. To address this, recently torrefaction has been
done in partially (or fully) oxidative environments by replac-
ing nitrogen with air to make its adaptability easier in large-
scale combustion plants [8, 9]. However, these attempts have
only been reported to date at the small scale (few grammes)
in relation to the combustion performance of woody pel-
lets torrefied under oxidative environments. The quality of
oxidative torrefaction depends on the concentration of oxy-
gen in the carrier gas, i.e. high O, concentration with high
torrefaction temperature leads to faster reaction [10]. How-
ever, torrefaction under high O, concentration negatively
impacts the torrefaction performance indicators (solid yield,
hydrophobicity) [8, 11]. Cheng at al. [8] studied the effect
of various O, concentrations and temperatures on torrefied
agro-biomass pellets and suggested low O, concentration <6
vol% for optimal torrefaction performance.

The merits of supplementing or replacing raw biomass
(with torrefied fuels) arises from the fact that the combustion
of (raw) biomass is linked with the high pollutant emissions
particularly NOx, CO and greenhouse gas, i.e. CO, [12].
One of the significant concerns related to biomass burning
is the emissions of NOx that contributes to the formation of
acid rain and photochemical smogs causing severe health
and environmental pollution. Consequently, research has
been conducted on the emissions behaviour of woody bio-
mass [12, 13]. Yet, very few works have been done on the
pollutant emissions during combustion of torrefied biomass
[7, 14, 15]. Isemin et al. [16] found that torrefaction lowers
the NOx emissions of straw pellets from 120 to 100 mg/
m?, whereas Rokni et al. [17] reported higher NOx emis-
sions during combustion of torrefied rice husk (230 ppm) as
compared to raw biomass (185 ppm). The findings of these
work highlights the dependence of pollutant emissions on
the fuel type used.

Whilst using raw biomass in direct thermal conver-
sion (combustion, pyrolysis, gasification) has been widely
researched [12, 18, 19], there are no studies into the sup-
plementation of densified woody biomass torrefied under
a partial oxidative atmosphere on its combustion. With the
above in mind, it is noted that the literature on oxidative
torrefied biomass does not address its eventual direct com-
bustion characteristics. Rather, it is limited to qualitative
aspects [9, 20, 21], its reaction kinetics [22] or performed
on non-densified (non-pelletised) biomass [15] or in tem-
perature programmed combustion reactors with a focus on
particulate emissions in which actual environment of the
industrial scale combustion is not considered, i.e. high tem-
perature, reactor radiative heat loss and radial temperature
gradients [8]. The present study makes the following contri-
butions: (i) resolves the impact of oxidative torrefaction on
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the combustion behaviour compared to raw, blended (25%
torrefied) and torrefied (100%) pellets in a direct combus-
tion environment; (ii) ascertains the impact of blend ratio
of biomass produced under partially oxidative conditions
(25% torrefied, 75% raw biomass) on the gaseous emissions
at varying (packed-bed) stoichiometry; and (iii) compares
the outcomes of pelletised fuel thermal conversion in direct
combustion to the micro-level combustion of the same fuels
in a temperature-controlled environment using TGA. The
outcomes of this work provide useful insights into the prac-
tical utilisation of torrefied biomass produced under partial
oxidative conditions for large-scale industrial applications.

Materials and Methods
Raw Biomass Fuel

Commercially available Australian hardwood pellets were
used as raw feedstock. The pellets had a diameter of 6.5 mm
with varied lengths of <50 mm (as received basis). The raw
biomass pellets, made from plantation timber waste, had a
bulk density of 713 kg/m>. The ultimate analysis of raw and
torrefied biomass was performed in CHNS/O elemental ana-
lyser (make: PerkinElmer, model: 2400 Series II), whereas
the proximate analysis was determined using TGA (make:
PerkinElmer, model: TGA 4000) with the method elaborated
elsewhere [23]. The fuel properties are listed in Table 1.

Fixed-Bed Reactor and Combustor

The raw biomass pellets were torrefied in a dual-purpose,
custom-built, fixed-bed reactor made of stainless steel with
an inside diameter of 202 mm and a height of 1500 mm. The
reactor is capable of being used for both torrefaction and a

Table 1 Fuel properties of raw and torrefied biomass (values in
parentheses denote standard deviation)

Raw Torrefied (275 °C)

Proximate analysis (wt%, db)

Volatile matter 82.7 (0.6) 64.3 (1.6)

Fixed carbon 16.2 (0.4) 35.5(1.4)

Ash 1.1 (0.1) 2.9(0.1)

HHV (MJ/kg™")* 18.6 (0.3) 22.3(0.2)
Ultimate analysis (wt%, daf)

C 432 (2.1) 54.1(1.4)

H 5.5(0.3) 6.6 (1.5)

O* 51.2(2.3) 39.3 (1.3)

N 0.2 (0.01) 0.1 (0.01)

*Calculated using Parikh et al. correlation [24]

**By difference
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Fig. 1 Torrefaction mode:
Laboratory scale reactor

Fig.2 Temperature profile
of the production of torrefied
pellets

Temperature (°C)

combustor. The details for production of torrefied pellets
and their combustion are later discussed. The lab-scale reac-
tor operated in torrefaction mode when it was (externally)
heated and as a combustor when the fuel was ignited within.
In both torrefaction and combustion, fuel was converted in
batch mode [25, 26].

Torrefaction Experiments

The reactor was divided into two zones: a torrefaction zone
in which the (raw) biomass was assembled as a packed bed
subjected to heating, and a free board zone. Figure 1 shows
the fixed-bed reactor used for torrefaction of biomass. A
detailed schematic and description of the torrefaction setup
is present in the supplementary material accompanying the
manuscript (Fig. S1). In this study, torrefaction in a par-
tially oxidative atmosphere was conducted at 275 °C for 30
min (Fig. 2). The selection of temperatures is based on the
findings of our earlier work [6, 27]. In each test run, about
1100 +100 g of raw biomass pellets were charged into a
(stainless steel mesh) basket inserted from the top of the
reactor. A weakly oxidative mixture of 5 vol% O, and 95
vol% N, (industrial grade nitrogen) was used as carrier gas
for torrefaction. The strongly inert nature of this carrier gas
avoided initiating combustion of the raw biomass. The tem-
perature within the fuel bed was continuously monitored
with N-type thermocouple (TC2) positioned such that they
extended from the shell of the reactor to its centreline. Once
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the reactor was cooled, the solid product called torrefied
pellets were collected, weighed and placed in airtight con-
tainer for further analysis and characterisation. The evolved
gases during torrefaction treatment were analysed using a
GC instrument and the details are presented in section S.2.3
of the supplementary material.

TG Analysis

The thermal degradation behaviour of raw and torrefied sam-
ples (produced in fixed-bed reactor) was investigated in a
thermogravimetry (TGA) device (make: PerkinElmer, model:
TGA 4000). Before TG analysis, randomly selected 10 tor-
refied pellets from each test run were mixed and ground to
powder to ensure the TGA data represents the kinetic behav-
iour of multiple batches produced in the reactor.

In each TGA test, 10 + 0.5 mg of powdered sample was
heated in air atmosphere at 45 ml/min. The samples were
heated from ambient temperature to 105 °C at 10 °C/min and
held for 10 min to ensure removal of free moisture. After-
wards, the furnace temperature was ramped up to 850 °C.
All tests were repeated at least twice to ensure reproduc-
ibility of the experimental results.

The obtained TGA data was used to determine the impor-
tant combustion characteristics temperatures, i.e. ignition
temperature (7;), burnout temperature (7;,) and maximum
temperature (T,,,,). A high T; value indicates the fuel is ther-
mally stable and difficult to ignite and was calculated using
intersection method as described by Lu et al. [28]. T, refers
to the temperature at which the rate of weight loss reaches
< 1 wt% min~! before the samples completely burned out
[29]. The maximum temperature (7,,,,) corresponds to the
temperature of maximum weight loss in a DTG curve. Using
characteristic temperatures (7}, T,,), the comprehensive com-
bustion index (S) was determined as follows [29];

S DTG,,,x X DTG, un |
T? « T, M
where DTG, (Wt% min~") is the maximum weight loss rate

in DTG curve and DTG,,,, is the mean weight loss (wt%
min~") between T, and T, The higher value of S indicates
better combustion reactivity of the fuel [30].

Combustion Experiments

Combustion experiments, featuring raw, torrefied or blended
biomass pellets, were carried out in batch mode. The experi-
mental rig for combustion of biomass is presented in Fig. 3.
For each test run, 1100 +£100 g of fuel was inserted into the
combustor through the ignitor port. Air was introduced into
the combustor through the plenum and passed through the
perforated grate into the combustor column. Two N-type
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Fig.3 Combustion mode: Labo-
ratory-scale fixed-bed biomass
combustor

thermocouples (TC1-TC2) measured centreline tempera-
tures within the fuel bed and in the freeboard region. Ther-
mocouple data was acquired with a 16-channel National
Instruments (NI) 9213 thermocouple module, interfaced
with a NI data acquisition system (model: cRIO 9074). Tem-
perature data was sampled at 10 second intervals through
LabView data acquisition interface. The first thermocouple
TC1 was positioned in the fuel bed whilst TC2 was placed at
the top of the freeboard to monitor exhaust gas temperatures.

At first, burning profile was established for raw wood pel-
lets at five different airflows 280, 420, 560, 720 and 840 1/
min which corresponds to 0.18, 0.26, 0.35, 0.46 and 0.53
kg-m~2s~!. Once the burning profile was determined, the
airflow at which the maximum burning rate was achieved for
raw wood pellets was used for combustion of 100% torrefied
pellets to determine the effect of 100% switch to thermally
treated fuel on the burning characteristics compared to raw
biomass pellets. Afterwards, the fuel blend (25% torrefied,
75% raw wood pellets) were also tested at all airflows to
observe the wider effect on the combustion behaviour of
raw biomass when co-fired with torrefied biomass pellets.
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Additional details related to the direct combustion experi-
ments is present in section S.2.2 of the supplementary
material.

Combustion Emissions

Gaseous emissions (CO,, CO, NO,) were acquired at the exit
of the combustor using flue gas analyser (Testo-350). A gas
sampling hose connected with an industrial-grade probe was
placed at the centre of the exhaust pipe. To avoid overesti-
mation of the results due to transient burning, all emission
data were taken during steady-state burning and the average
values are reported [12, 31]. To make results comparable,
the emissions were benchmarked for 6 vol% O, [7].

Gas composition @ 6 vol% O,

(20.99-6)
(20.99—%measured O )

= Measured gas composition X (2)

Furthermore, with each of the raw, torrefied and blended
pellets, combustion emissions were also used to determine
combustion performance using modified combustion effi-
ciency (MCE) equation [32]:

CO, (%)

MCE (%) = CO,(%) + CO(%)

3

Results and Discussion
TGA-Scale (Ground Fuel) Thermal Conversion

The combustion characteristics of ground samples derived
from raw and torrefied woody biomass fuel pellets, as well
as their blends (mix of 25% torrefied and 75% raw), are
presented in Fig. 4. The thermal decomposition of woody
biomass is complex and reflected in TGA testing through
multiple peaks of varying decomposition rates [33, 34].
The behaviour in the DTG curves (Fig. 4) can be divided
into two main stages. The lower temperature stage 1 cor-
responds to the oxidation of volatiles and appears to gen-
erally commence, and peak at higher temperatures as the
ratio of torrefied fuel increases. The increase of torrefied
fuel in the sample (from 25 to 100%) reduces the overall
mass deficit during stage 1 but this is somewhat expected
due to the earlier (thermal) treatment of these fuel samples
unlike the raw fuel. At a higher temperature range, stage
2 is associated with the combustion of the remaining char
[35, 36]. In contrast to stage 1, Fig. 4 shows that as the ratio
of torrefied fuel increases, the peak weight loss in stage 2
tends to peak at a lower temperature. It is evident from Fig. 4
that the combustion behaviour of raw, blended and torre-
fied biomass varies reflecting hemicellulose, cellulose and
lignin fractions in the fuel. In the first half of each stage 1,
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raw biomass (Fig. 4a) exhibited the most differential weight
loss followed by blended biomass (Fig. 4b: 25% torrefied,
75% raw). This could be attributed to the higher portion
of holocellulose fraction in the raw biomass. Contrary to
both these trends, torrefied biomass underwent only 24.36%
weight loss in stage 1 as compared to 47.69% for the blended
(25% torrefied) and 57.53% in the (100%) torrefied fuel. The
low weight loss in the fuel samples made of (100%) torrefied
biomass over stage 1 is due to the excessive devolatisation of
holocellulose fraction during torrefaction. This is reflected
over the narrow temperature range 305-375 °C of torrefied
biomass as compared to wider temperature range 260-395
°C of raw in stage 1. In comparison, a weight loss of 73.01%
was observed for torrefied samples over stage 2. This higher
weight loss values reflect char combustion which dominates
the combustion of torrefied samples [36].

Similarly, the effect of torrefaction on the rate of weight
loss (DTG) is also evident. For example, the peak weight
loss shifted to stage 2 in torrefied samples; however, the
intensity is reduced (6.23 wt% min~') as compared to raw
(9.36 wt% min~') and the blend (8.79 wt% min~") that
achieved DTG,,,, in stage 1. This could be explained by the
fact that cellulose contains higher volatile content (89.70%)
as compared to hemicellulose (84.80%) and lignin (51.30%)
[35]. Furthermore, the volatile release rates of holocellulose
are faster than lignin [37]. Owing to the higher fraction of
volatiles in holocellulose which undergoes major devolitisa-
tion during thermal treatment, the torrefied samples showed
lower weight loss rates than raw samples and the blend.
Lastly, the data in Fig. 4 shows that although when blend-
ing 25% torrefied biomass into a fuel batch, the effects are
not significant during stage 1 with substantive variations
only occurring with much larger proportions of torrefied fuel
usage (100%). The more notable finding is that with (100%)
torrefied fuels, the differential mass loss during char burnout
(stage 2) appears to exceed those during the earlier combus-
tion (stage 1).

Based on the TG-DTG data, several combustion perfor-
mance indicators (T;, T}, T}, S) were determined and listed
in Table 2. The TGA thermal curve of raw, blended and
torrefied biomass is presented in supplementary material
(Fig. S3). It can be seen that torrefaction increased the 7
and T, values as compared to raw biomass. The ignition
temperature 7, increased from 298.16 °C (raw) to 346.2 °C
(torrefied) whilst the burnout temperature 77, increased from

558 to 565 °C. The strong impact on the ignition temperature
could be attributed with the removal of readily available
light volatiles such as (CO,, CO, H,0) [3], during torrefac-
tion which consequently increased the lignin fraction which
has the higher ignition temperature compared to holocel-
lulose [35]. However, at the 275 °C selected torrefaction
temperature in this study, holocellulose fractions do not fully
decompose as evident with the 24.36% weight loss (stage 1)
during combustion of torrefied (100%) biomass. It is impor-
tant to note that at a higher ignition temperature T;, there is a
lower risk of self-ignition, which is favourable for long-term
safe storage of the torrefied biomass.

The effect of torrefaction on the combustion performance
was further evaluated by the Comprehensive Combustion
Index donated by “S” [22]. Table 2 reveals that the torre-
faction decreased the S value of 100% torrefied samples
(4.29%1077-min~2-°C~3) whilst the effect on blended sam-
ples was minimal. This could be due to the increase in fixed
carbon owing to more lignin in the torrefied char leading to
slow combustion with low DTG,,,,. However, in all cases, S
exceeded 2x10~7-min~2.°C~* demonstrating better combus-
tion performance [38]. These results are consistent with the
findings reported in the literature indicating that high tor-
refaction severity can lower the combustion reactivity [39].

The TGA derived combustion performance of 100% tor-
refied biomass and its blend based on 25% torrefied fuel
further emphasises that torrefaction does not only increase
the heating value of a fuel but its impact on other important
combustion parameters also needs to be considered [6]. Data
derived from the temperature-controlled (TGA) environment
provided very useful information about the combustion per-
formance of the torrefied biomass. However, it is evident
that torrefaction alters the physicochemical characteristics of
the biomass, i.e. loss of oxygen containing functional groups
during torrefaction [6].

Reactor-Scale (Batch Fuel) Thermal Conversion

Biomass combustion occurs as a multistep kinetic phenom-
ena, particularly for woody biomass where decomposition of
hemicellulose, cellulose and lignin fractions occurs simulta-
neously over a wide range of temperatures [35]. Whilst the
conversion of ground (and well mixed) crushed fuel samples
in a controlled (uniform) thermal environment in TGA may
provide valuable kinetics data, inevitable non-uniformities

Table 2 Combustion properties Sample T, (°C) T, (°C) T, (°C) DTG, (W% DTG, (wt% Sx107
(TGA) of raw, blended (25% min~!) min~!) (min~2-°C~3)
torrefied: 75% raw) and (100%)

torrefied (275 °C) biomass Raw 281 558 337 3.38 9.36 7.17
samples at 10 °C/min heating Blend 286 551 336 3.54 8.79 6.88

rae Torrefied 321 555 482 4.01 6.23 4.29
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in the thermal environment at the reactor scale, through
radial temperature gradients [40], reactor radiative heat loss
near to walls [41] and various heat transfer processes within
the packed fuel bed [40] mean that detailed studies into the
effects of blending torrefied and raw fuels are also warranted
at the reactor scale with a batch of pellets being used. The
ensuing results are therefore a comparative analysis of raw,
blended (25% torrefied) and (100%) torrefied pellet fuels in
a batch type combustor.

The most important variable that influences the burning
behaviour in a combustor is the supplied airflow rate [12,
31, 42-44]. Figure 5 presents the burning rate for raw, tor-
refied, and blended (25% torrefied) fuel batches at varying
airflow rates. It can be seen that based on the primary airflow
rate, stoichiometric conditions for the raw fuel are attained at
around 0.35 kg:m~2-s~! beyond which the burning rate tends
to decrease. With the combustion of raw biomass divided
into three different stages based on stoichiometry (fuel rich,
stoichiometric and lastly quenching or convective cooling)
[42], the initial increase in the burning over 0.18 and 0.26
kg-m~2s~! is considered fuel rich (oxygen limited) whereby
volatiles and char oxidation are dominated by the amount
of oxygen as the reaction front propagates within the fuel
bed. The burning rate reaches a peak of 0.047 kg-m=2.s™!
for raw biomass pellets at an airflow of 0.35 kg-m~2-s~".
The same tests when conducted on batches of blended pel-
lets (25% torrefied fuel) attained significantly higher burning
rate at all flow rates. This magnitude of change is signifi-
cantly different compared to that obtained earlier under the
well-controlled TGA environment using samples that are
ground and well homogenised. To further test the effect of
using 100% torrefied fuel, at the conditions yielding optimal
burning rate in raw and blended fuel, an additional test for
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Fig.5 Combustion experiments: Burning rate of raw, blended (25%
torr.) and torrefied (100%) fuel batches

these torrefied fuels is shown in Fig. 5. The 100% torrefied
pellets were combusted with the airflow of 0.35 kg-m 2.5~
at which the raw biomass attained maximum burning rate.
As seen, the 100% torrefied biomass burned much faster
(0.068 kg~m'2~s'1) than raw pellets (0.047 kg-m'2~s'1).

The interpretation of the above trends is that torrefaction
decreases the particle size as well as moisture content and
increases the porosity of the torrefied biomass relative to
raw biomass [21, 45]. These changes in porosity and particle
size provide more surface area and active sites which eventu-
ally expedite oxidation reactions within the bed promoting
better heat transfer through radiation as the ignition front
propagates downwards to the cold region of the bed. Another
important observation made during the combustion of raw/
torrefied blend is that unlike raw biomass, the reaction lim-
ited regime of the blend shifted towards the right (> 0.35
kg-m~2-s71). In addition, compared to raw pellets, oxidative
torrefied pellets contain more carbon and low oxygen con-
tent (low O/C) [8], thus leading to intense oxidation reaction
in the char combustion zone.

Reactor-Scale Fuel bed and Exhaust Gas
Temperature

The bed and exhaust gas temperatures of the combustion
raw, torrefied and blended pellets are present in Fig. S4 (sup-
plementary material). With the increase in airflow, the bed
temperatures (859-1128 °C) of raw pellets increased in the
oxygen-limited regime (0.18-0.35 kg-m~2-s~1), which how-
ever tends to decrease with further increase in the airflow,
whereas the bed temperature of blended pellets was higher
than that of raw pellets regardless of the airflow. The blended
pellets attained the highest bed temperature (1208 °C) at
the maximum airflow used in this study (0.53 kg-m~2s71).
On the other hand, the bed temperature (1382 °C) of 100%
torrefied was highest even at 0.35 kg-m~2-s~!. The higher
combustion bed temperature with the 100% torrefied and
blended (25% Torr.) pellets could be linked with the altera-
tion in the fuel composition during torrefaction. The thermal
degradation behaviour discussed above suggests incremental
increase in the lignin fraction after torrefaction. The com-
bustion temperature is generally dependent on the amount
of lignin in the fuel which has the highest percent of fixed
carbon [4]. These results suggest that direct combustion of
100% torrefied pellets could yield very high temperatures;
therefore, lab-scale combustors need special design consid-
erations for safe operation.

Apart from the lignin, other factors may also contribute
to the increased bed temperature of the torrefied biomass
and its blend. In the counter-current configurations, the fuel
burns in the upper layer of the bed whilst the ignition front
move downwards. The occurrence of devolatisation beneath
the char combustion (top layer) preheats the lower layers of
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the bed through radiative and conductive heat [42]. Sam-
ples torrefied at severe torrefaction conditions (275 °C, slow
heating) contain less volatiles [6], and almost insignificant
moisture content as compared to raw wood pellets which
limits the temperature gradient within the bed. Contrary to
the observations made in this study, the results obtained in
the temperature-controlled reactors may overlook the vari-
ation in heat dissipation as a result of modification in fuel
composition after torrefaction. This further highlights the
importance of combustion of torrefied samples in reactors
more representative of direct industrial scale. On the other
hand, the exhaust gas temperatures reflected similar behav-
iour to bed temperature except at low airflows (0.18-0.26 kg
m~2 s~!) where minor difference was observed in between
raw and torrefied wood pellets albeit with values within
experimental error.

Gaseous Emissions

Figure 6 shows the gaseous emissions during combustion
of raw, torrefied and blended pellets at different airflows. To
make emission results comparable, the values of CO, CO,
and NOx were corrected at 6 vol% O,. It is evident that the
highest CO concentration 13,768 ppm (raw) and 18,122 ppm
(blend) was recorded at the low airflow (0.18 kg-m_z-s_l);
however, CO tends to decrease with the increase in airflow
with the exception of airflow value of 0.53 kg:-m~2-s~! (for
raw wood pellets). Generally, CO emissions mainly depends
on the temperature, air mixing and gas retention time inside
the reactor [13]. Furthermore, it is considered the main indi-
cator of combustion performance. Although the recorded CO
values at 0.35 kg-m~2.s~! and 0.46 kg-m~2-s~! are compara-
ble, however the former could be taken as optimum airflow
for raw wood pellet combustion owing to its slightly higher
burning rate and combustion temperatures compared to the
latter. With further increase in the airflow (0.53 kg-m_z-s_l),
the CO emissions tend to increase again due to the fact that
the high airflow decreased the retention time of the gaseous
emissions and may also have taken some heat whilst mov-
ing upwards.

Thus, short retention time combined with heat loss due
to excess airflow contributed to the higher CO emissions for
raw wood pellets at 0.53 kg-m s~

Contrary to the CO emission behaviour of raw wood pel-
lets, the torrefied pellets shown an opposite trend. As seen
(Fig. 6a), the CO emissions of the blended pellets continu-
ously decreased from 18,122 to 1522 ppm with increasing
airflow from 0.18 to 0.53 kg-m~2-s~!. This reduction could
be attributed with the difference in oxygen requirement
owing to low oxygen content in the torrefied wood pellets,
i.e. that the reaction limited regime for the torrefied bio-
mass blends shifted towards right (Fig. 5) as discussed in
the previous section. In addition, the co-firing of raw and
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torrefied pellets could also affect the gaseous emissions.
The difference in the fuel properties of pellets in a blended
layer of fuel bed could potentially mismatch the demanded
air supply and may overlap different combustion phases
simultaneously thus resulting higher CO emissions at lower
airflows (0.18-0.26 kg-m~2-s~!). Despite high burning rate
and combustion temperature, the comparable CO (100%
torrefied: 8599 ppm, blend: 7766 ppm) emitted from the
combustion of 100% torrefied biomass at 0.35 kg-m~2-s~!
further strengthens this argument.

The NOx emissions from biomass are mainly dependent
on the reactor temperature, configuration, retention time and
the amount of volatiles which comprises of fuel bound nitro-
gen (fuel-N) [12, 14, 46]. As seen in Fig. 6¢, with increas-
ing airflow from 0.18 to 0.53 kg-m_z-s_l, the NOx emissions
increased from 48 to 110 ppm for raw wood pellets, whereas
low NOx values (min: 69 ppm, max: 88 ppm) were observed
when the raw pellets were co-fired with torrefied woody pel-
lets at varying airflows. In both cases, the higher values of
NOx at higher airflow could be linked with multiple factors,
i.e. high bed temperature (>1000 °C) availability of more oxy-
gen leading to greater fuel-N conversion to NO and shorter
retention time. The devolatisation during torrefaction reduces
the amount of fuel-N as reported in the literature which con-
tributed to the low NOx values of blended pellets [47]. This
change is further evident during combustion of 100% torre-
fied woody pellets which yielded the highest bed temperature
(1382 °C at 0.35 kg-m~2.s~!) emitting 38% less NOx com-
pared to 100% raw woody pellet at a similar airflow.

The obtained emission data from this study at different
airflows was used to evaluate the MCE, an index useful to
determine the burning conditions, i.e. flaming or smouldering
during combustion. In general, the MCE value near 100%
indicates pure flame-dominated combustion whilst near to
80% indicates smouldering combustion [48]. The MCE value
near to 90% represents a mix of flaming and smouldering
combustion. As seen in Fig. S5, the MCE values for raw
pellets attained minimum value of 90% at 0.18 kg-m=2.s™",
whereas maximum value 99% at 0.35 kg:-m~2-s~!. Contrary to
this, the blended pellets attained lowest MCE of 88% at 0.18
kg-m~2.s~! and maximum value of 98% at 0.53 kg-m~2-s™".
These results suggest that with low airflow, flaming and
smouldering combustion were happening simultaneously
during burning of both raw and blended pellets.

However, MCE of 94% for blended pellets with the airflow
of 0.35 kg:-m~2-s~! reflects that the air demand for raw and tor-
refied pellets differs. This difference is evident with low MCE
value (91%) of 100% torrefied pellets compared to raw with
an MCE value of 98% at similar airflow (0.35 kg-m_2~s_1).
There is lack of information available in the literature on the
combustion behaviour of torrefied pellets at different airflow.
However, the MCE trends for raw pellets are consistent with
the earlier findings reported in the literature [49].

Conclusions

In this work, direct combustion behaviour of torrefied
biomass pellets produced in a fixed-bed reactor under
oxygen-deficient atmosphere was investigated and com-
pared with raw pellets. The results suggest that torrefied
pellets burned faster, attained higher bed and exhaust gas
temperatures, whereas it reduced the NOx emissions dur-
ing direct combustion. Co-firing of blended (25% torre-
fied, 75% raw) biomass showed an increase in air demand
for lower gaseous emissions. The outcomes of this work
suggest the potential of reducing the cost associated with
thermally processing biomass fuels if (waste) process heat
and flue gases are used.
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