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Abstract:

In current times, climate change due to greenhouse gas (GHG) emissions and rising fossil fuel prices create
the need to focus more on renewable energy to become energy independent. The combustion of solid fuels
such as biomass is a reliable option for thermal energy production and for combined heat and power
production. This work focuses on the quality analysis of carbon-rich solid fuel produced by Hydrothermal
Carbonization (HTC) of green waste (such as leaves, small branches, and grass). The combustion and
emission performances of the HTC pellets are compared to those of conventional softwood pellets.
Thermogravimetric analysis, kinetics assessment, and final use tests on a fixed bed boiler were carried out for
both fuels. Combustion efficiency, boiler efficiency, and emissions factors were experimentally determined,
computed and compared. Thermogravimetric analyses of the fuels show some qualitative and quantitative
differences, in particular a third peak of burning rate corresponding to the oxidation of solid carbon, with a high
activation energy. For similar parameters of boiler operation with HTC pellets, a 7% increase in combustion
efficiency and a 7% increase in boiler efficiency were observed. However, higher particulate matter and CO
emissions were observed. Results suggest that the air/fuel ratio can be further optimized for the use of HTC
pellets for this type of boiler. This makes HTC pellets a promising fuel to help tackle climate change.

Keywords:
HTC pellets; softwood pellets; thermogravimetric analysis; boiler efficiency; PM; gaseous emissions.

1. Introduction

In the last few decades, biomass as an energy resource has been considered an attractive alternative to fossil
fuels in reaching the European target to reduce carbon dioxide emissions [1]. Nevertheless, others
transformation routes of biomass into more valorized goods can be considered, such as biochemical products
and raw materials for other industries. This could transform the perspective of biomass as an energy resource,
especially woody biomass [2]. Biomass resources from agriculture wastes, grass, leaves, sludge from
anaerobic digestion, and urban green wastes have great potential as energy resources. However, such
resources with low energy density, high moisture, and high alkali content are still challenging to direct
combustion in conventional boilers, especially in issues related to ash formation [3]. Therefore, biomass
resource pre-treatments and raw biomasses upgrade into better-quality biofuels have a substantial potential
to increase the feasibility of their use for heat and power generation [4, 5].

Hydrothermal carbonization (HTC) has been considered an efficient alternative for upgrading raw combustible
material [6], especially for organic feedstock with high moisture contents [7]. Nevertheless, the final use of
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such solid fuel, as well as biomass fuels, brings some attention to the emissions issues, especially particulate
matter emissions [8, 9]. Therefore, the present study aims to carry out a thermal and emission characterization
of HTC pellets through a kinetics description of the fuel, as well as a final use combustion experiment in a 40
kW pellets boiler for efficiency and emission assessment.

2. Material and methods

HTC pellets produced via HTC treatment of green waste were tested and compared to softwood pellets as a
reference. The kinetics description was developed by employing Thermogravimetric Analysis (TGA) in a
Mettler Toledo TGA/DSC 3+ STARe System. The TGA experiments were conducted under an air atmosphere
of 60.0 mL/min, for both softwood pellets and HTC pellets.

The thermal and environmental efficiency of HTC pellets combustion was assessed at the Vrije Universiteit
Brussel biomass laboratory on a 40 kW laboratory boiler manufactured by HS TARM (USA). It has a gas-in-
tube heat exchanger with helical rods. The boiler is designed for fuels in the form of pellets and chips. It is
connected to the thermal network equipped with a PLC control system from Siemens (Desigo CC Compact).
It is equipped with various sensors to control and measure the flow rate and temperatures along the network
and on the exhaust gas. Two combustion tests were carried out, the first using a high-quality fuel as wood
pellets, which was taken as a reference for the second test using HTC pellets. In both tests, the exhaust gas
composition was measured with a portable emission analyzer HORIBA PG-250. The particulate matter was
measured using an ELPI+ (Electrostatic Low-Pressure Impactor). Additionally, the flue gas temperature and
circulation water temperatures were measured. Also, the fuel hopper was continuously weighted to account
for the fuel consumption rate.

2.1. Experimental setup for emissions assessment

Figure 1 shows a scheme of the measurement equipment used for conducting the softwood pellets and HTC
pellets tests.

PTD ED
SRR —
g ELPI+
W,
G PTD  porous tube diluter
. as ) - )
o dryer Particle number | €0 cletorditer
— . + electrical low pressure
heater concentration ) P
impactor
MEC MFEC MFC  mass flow controller
Tpa  temperature dilution air
Tgg  temperature flue gas
Flue gas ‘ Air treatment ‘ ‘ CO, probe ‘ _ EE58 thermalinsulation
Gas filter || Horiba gas Gas concentration
[[ Eeeese  + dryer analyser

Figure. 1. Scheme of equipment for measuring particulate and gaseous emissions. Source: taken from [10]
and modified by the authors.

While performing the particulate matter (PM) measurement with the ELPI+, the flue gases were first diluted in
a dilution system to control parameters like temperature, humidity, and particulate concentration according to
the specifications of the measuring device. This configuration increases the instrument’s life and minimizes
the probability of modifications in the PM distribution due to aerosol chemistry during the measurement
process. In this particular setup, a two-stage dilution system manufactured by Venacontra has been used, as
shown in [11].

2.2. Indexes for combustion characterization and kinetics

The ignition and burnout characteristics of a fuel are commonly related to the ignition temperature (T;) and the
burnout temperatures (T,). Ignition temperatures are estimated graphically (Tangent Method), and the first
peak point of the TG first-derivate (DTA) is used as an intersection point with the TG curve, as it is described
in[12, 13].

The fuel thermal degradation is expressed as Eq. (1) shows, with W; being the initial mass fraction of the
sample, W the remaining mass fraction of the sample, and W the final mass fraction of the sample
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The burnout temperature can be estimated via the “Conversion Method”, suggested by [14]. The method uses
a simple criterion for selecting the burnout temperature, which considers T, at the point where the fuel reaches
99% of thermal degradation (¢ = 0.99). Also, the tangent method can be used. Nevertheless, authors such as
Liu et al. suggest that in cases where the air is used as a carrier gas during TGA two distinct peaks appeared;
then the tangent method should be used for the estimation of burnout temperature by using the second DTG
peak as intersection point instead of the first DTG peak [12].

Combustion characteristics of biomass fuels can be assessed by the index S [15], Eq. (2) shows the formula
to compute a comprehensive combustion index

_ (dX/dt)max'(dX/dt)mean
S = o : 2

The index considers the maximum fuel conversion rate [(dX/dt),,..] and the average value [(dX/dt)mean]-
According to [16], a higher comprehensive combustion index represents a higher fuel reactivity and thus a
better combustion performance of the fuel. In a biomass combustion process, pyrolysis is one of the most
difficult stages to accurately account for. Nevertheless, some general conversion routes can be assumed, of
the form: biomass — char + volatiles + gases. Depending on the pyrolysis regime, the amount of products can
vary [17, 18]. In this work, the combustion reaction kinetics of softwood pellets and HTC pellets are studied by
using data obtained from TGA experiments. There are several methods available in the literature for modelling
the combustion reaction kinetics, such as the Kissinger-Akahira-Sunose (KAS) method [19, 20], Ozawa-Flynn-
Wall method (OSF) [21, 22] or Coats — Redfern method [23]. The present study selected the Coats — Redfern
method, considering the simplicity of the method and the possibility to estimate the activation energy as well
as the pre-exponential factor.

2.3. Efficiency and emission factor calculation

Besides the theoretical study of the combustion reaction kinetics of the HTC pellets, the final use application
of this HTC fuel was also assessed experimentally. In the present study, the boiler and combustion efficiencies
are calculated from the parameters measured during the experiments, in this case using a more practical
approach. Equation (3) shows the efficiency calculation of a boiler using the direct method

QL

B QF' (3)
0, represents the thermal power transferred from the fuel to the feeding water of the boiler. As the water vapour
in the exhaust gases is not condensed, the LHV is used to compute the thermal power from the fuel Q. The
indirect method for computing the efficiency in the boiler is a more interesting option, considering the possibility
to identify the critical point related to all the effects that cause a reduction in boiler efficiency. However, a boiler
and combustion efficiency calculation by the indirect method require a representative sampling of bottom and
fly ashes in the boiler. In a small fixed-bed boiler, at least 24 hours of operation will be necessary to get an
expected amount of bottom ash, completing one cycle of ash out of bed. Nevertheless, Good and Nussbaumer
have proposed and simplified method for computing the combustion efficiency of biomass boilers [24, 25]. The
method has been successfully applied if CO < 0.5 vol%, CO22 5 vol% and for exhaust gas temperatures below
400°C [26].

Ne¢ = 100 — Lyy — Len, “

Equation (4) relates the combustion efficiency to two parameters: the thermal (L) and chemical losses (L¢y,)-

B (ng—TA){1.39+C0122+2CO+0.02-u}

Th — LHV 5 (5)
W—0.2442-u

Cco 11800
LHV .
C0,+CO —— .
2 100 0.2442-u

(6)

Len

Ty and T, stand for the temperature of the exhaust gases and atmosphere.CO and CO, are the carbon

monoxide and carbon dioxide volume fractions of the dry flue gases. u represents the fuel moisture expressed
in percentage.

Additionally, expressing the energy balance on the boiler, some approximation of the losses regarding
unburned carbon on bottom and fly ash can be made. Equation (7) represents the energy balance for a steady-
state operation of the boiler

Ein = Eout- (7
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Then, identifying all energy flows involved in the process, as Eq. (8) shows, an estimation of energy losses
regarding unburned fuel (Qugr) can be computed as

Qr = 0L + Qrc + Quar + Orc. (3)

The values of the thermal load and thermal power from the fuel are known values from the direct method
mentioned earlier. The losses by radiation and convection (QRC) of the boiler can be neglected. However,
Lyubov et al. found that for industrial hot-water boilers, the losses by convection and radiation to the
environment are less than 0.5% of the thermal power supplied by the fuel to the boiler furnace [27]. Then, with
the value of losses by unburned fuel, Eq. 9 can be used to compute the combustion efficiency, which is based
on the total power from the fuel and the power not used by unburned fuel.

ne = (1- %), 9)

The emission factors (EF) are computed on an energy density basis, allowing to compare emissions factors
from different combustion tests without considering differences in oxygen concentrations.

_ Tﬁ.i/At
Bk = (ig/AD)-LHV' (10)

In Eq. (10), m; represent the mass of each pollutant emitted during the considered time window (At). The
emissions factors for particle number of PM, . and PM,, are computed according to Eq. 9-10.

npm = Yn - DRy - Vfg,dil,drya (11)

_ npym /At
EFpmx = (thg/At)-LHV' (12)

In Eq. (11), y, represents the particle number, DR, stands for dilution ratio at dilution stage two and Vfg,dﬂ_dry
represent the volumetric flow of diluted exhaust gases at dry conditions.

3. Results and discussions

3.1. Characterization of fuel combustion

Table 1 summarizes the significant properties of physicochemical characterization of the fuels burned during
the TGA experiments and the combustion tests. It can be noticed that HTC pellets have a higher Lower Heating
Value (LHV) than softwood pellets, about 18% higher. The higher LHV of the HTC pellet is reflected in the
higher fixed carbon content, which is expected in a highly carbonized product obtained from the HTC process.
From elemental composition, chlorine compound is present in the tested HTC pellets, in low amounts but still
the potential source of corrosion issues.

Table 1. Physicochemical characterization of the analyzed fuels. Source: data adapted from [10, 28, 29].

Property Units Softwood pellets HTC pellets
Bulk density kg/m? 2630 696
Lower Heating Value MJ/kg_db =218.82 23.12
Higher Heating Value MJ/kg_db >20.22 24.36
Moisture content wt%, ar <8 5.8
Volatile matter wt%, ar (77.7) 69.1
Fixed carbon wt%, ar (22.3 30.9
Ash content wit%, ar (0.3) 11.0
Carbon (C) wt%, db (52.2) 57.9
Hydrogen (H) wt%, db (5.9) 5.7
Nitrogen (N) wt%, db <0.3 1.26
Oxygen (O) wt%, db (39.1) 233
Sulfur (S) wt%, db <0.04 0.137

wt%: percentage on weight basis; ar: as received; db: dry basis; daf: dry basis and ash free. The values in brackets are the median of
similar softwood pellets taken for the original author [10] from the public Phyllis2 database. ®The heating values were computed by the
original author [10] using the Boie model [30].

In general, during TGA experiments of lignocellulose-biomass under oxidative conditions, an initial drying step
can be observed (of free water, crystal water and absorbed water) which extends from room temperature up
to about 170°C (A). The second step is when volatilization and combustion of volatiles start, which could extend
from about 120°C up to about 420°C (B). Then, a third step of char oxidation starts from a range temperature
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of about 310°C up to about 520°C (C). Finally, the burnout step appears, when all remaining char is depleted,
starting at about 480°C (D) [31, 32]. The temperature range of each step of biomass combustion shown by the
TGA experiments varies with the type of biomass and is also affected by the heating rate. However, the values
showed could be taken as reference values for other biomass samples, considering that the mentioned author
analysed 12 different biomass resources with heating rates of 10 °C/min and 20 °C/min.

Figure 2(b) shows the TGA of softwood pellets and Fig. 2(a) shows the derivative thermogravimetric curve
(DTG) of softwood pellets. The drying step extends from 25°C up to 95°C. It is followed by an almost flat zone,
where a nearly constant weight loss rate (of about 0.42%) is observed, over a temperature range of about
100°C. The more active drying range and the almost constant weight loss rate were grouped into step A. Step
B corresponds to the release and combustion of volatiles, coming from the hemicellulose at the beginning of
the step and cellulose at the end of the step. It is where the highest weight loss is observed, between 197°C
and 357°C. Step C is in a range of about 357°C to 500°C, where the char coming from the lignin is oxidized,
however, some authors point out that some char could appear at the end of step B as well [17, 33, 34]. The
burnout step starts from 500°C, where char is completely oxidised. For the purpose of the present analysis,
two zones were further studied, zone | (197°C - 357°C) and zone Il (357°C - 500°C).

D
T I T II T I II I T I T I T I T I T
20 40 60 80 100 120 140 160
Time (min)

100 - I: 197 °C <T< 357 °C

i II: 357 °C <T< 500 °C
80
£ 60 -
5 40 -
SE
20
0

' ] ' ] ! | B |
0 200 400 600 800

Temperature (°C)

Figure. 2. Thermal degradation of softwood pellets, a) the derivative of thermogravimetry (DTG) analysis
and b) thermogravimetry analysis (TGA).

Figure 3(b) shows the TGA of HTC pellets and Figure. 3(a) shows the derivative thermogravimetric curve
(DTG) of HTC pellets. As for the softwood pellets, four steps can be identified (A to D), but there are some
important differences in these combustion steps. Step A extends in the temperature range of about 15°C more
for HTC pellets than for softwood pellets. Additionally, two distinct peaks can be appreciated. The first one is
from 25°C to 117°C, which is assumed to correspond to the evaporation of free water in the fuel and the second
from 117°C to 212°C, corresponding to the evaporation of the crystal water and absorbed water, contained in
the ashes which in this case is about 36 times higher than for softwood pellets. Step B extends from 212°C to
322°C. The temperature span for this step is 50°C less for HTC pellets than for softwood pellets, which
suggests a smaller quantity of volatiles released for the HTC pellets case, as confirmed by the volatile contents
given in Table 1.
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Figure. 3. Thermal degradation of HTC pellets, a) the derivative of thermogravimetry (DTG) analysis and b)
thermogravimetry analysis (TGA).

Step C, from Figure 3a, shows a quite different shape for HTC pellets than for softwood pellets. The peak
corresponding to the zone of maximum burning rate for step C is similar to the peak observed in step B. Also,
the burning rate is quantitatively similar, however, step C starts at 322°C and ends at about 477°C. For the
softwood pellets the higher part of the fuel mass is released in step B: 59.3% versus 34.9% during step C. The
opposite trend is observed for HTC pellets, 34.5% of the mass is released in step B, versus 45.4% in step C.
Another peculiarity of step C is that there is a second peak, after a big peak there is a trend in the TGA (Figure
3b) where the mass burned remains almost constant from 477°C to 622°C, with a weight loss of only 1.8%.
But after 622 °C, the weight loss starts to increase making a second peak in step C. It can be noticed in a
clearer way from DTG curve (Figure 3a) from 622°C up to 687°C The peaks shown in the DTG curve of HTC
pellets were defined as three zones of kinetics interest for further analysis, as pointed out in Figure 3a. In
general, the smaller difference in the burning rate of the two peaks showed by the HTC pellets, compared to
the bigger difference between the two peaks of step B and C of softwood pellets, strongly suggest a less
chaotic burning rate and better combustion stability for the HTC pellet.

Table 2. Characteristic combustion parameters for softwood pellets and HTC pellets.

Biomass Ignition Burnout Temperature at maximum Index S
sample Temperature (°C) Temperature (°C)  burning rate (%/min) (min~? - K™%)
Softwood pellets 257 474 (500)2 293 1.45-10-1°
(1.23-10-10)0
HTC pellets 259 392 (687)2 301 1.450-10°
(2.57-10-10)

2 The value in brackets represents the estimated burnout temperature using conversion methods. ® The value in brackets corresponds to
the recomputed comprehensive combustion index, based on the new burnout temperature.

Table 2 shows the comprehensive combustion index S, where it clearly can be seen that the index is bigger
by about one order of magnitude for HTC pellets than for softwood pellets. Some authors claim that a higher
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S index indicates a higher fuel reactivity and a better fuel combustion performance. The ignition temperature
of both fuels is quite similar, which means that HTC pellets are as easy to ignite as softwood pellets.

Nevertheless, the burnout temperature obtained from the tangent method is smaller for HTC than for softwood
pellets but considering Figures 2 to 3, it can be noticed that the tangent method showed a poor physical
meaning regarding burnout temperature. Then, using the conversion method, as it is suggested by Lu and
Chen [14], HTC pellets and softwood pellets burnout temperature can be estimated again, which leads to
500°C and 687°C for softwood pellets and HTC pellets, respectively. The new burnout temperature allows
recomputing a comprehensive combustion index, which in this case is for both cases in the same order but
slightly better for HTC pellets.

Char oxidation is a multi-phase phenomenon and between 477°C and 722°C the inorganic compounds from
the ashes form the bigger part of the remaining fuel mass. It can be that some small amount of char is trapped
in the ashes, and as a consequence, a higher temperature and longer time could be required for the diffusion
of oxygen to reach the char and be completely depleted. This can be the reason for higher burnout
temperatures; in some way, a higher temperature will enhance the porosity of the remaining particles and as
result, oxygen diffusion to the char can be enhanced.
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Figure. 4. Fitting curve for thermal reaction stages of softwood pellets.
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Figure. 5. Fitting curve for reaction stages of HTC pellets.

Figure 4 to 5 show the fitting curves of softwood pellets and HTC pellets for different combustion reaction
stages, by means of multiple first-order reactions. The TGA DTG curves for softwood pellets were divided into
two main reaction stages or reaction zones, in the temperature range of 197°C to 357°C (zone | in Figure (2a))
and from 357°C to 500°C (zone Il in Figure (2a)). In both reaction zones, the correlation coefficients are higher
than 0.91, which suggests that the assumption of a first-order reaction might be sufficient for first-order
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modelling of the pyrolysis and char oxidation processes. The first reaction zone considers the volatilization and
combustion of volatiles and the second is the volatilization and combustion of char. The time of both reaction
zones is quite the same, but zone Il occurs at a lower burning rate than zone |, about 2.2 times lower than
zone |. Table 3 shows the kinetic parameters for tall reaction zones, outlined in Figure 4 to 5. The required
activation energy is bigger for zone | than for zone Il, suggesting a slower reaction rate for such zones.

Table 3. Kinetic parameters in different temperature ranges.

Biomass Temperature range Activation energy Pre-exponential factor
sample (°C) (kJ/mol) (min~?1)
Softwood pellets 197-357 46.32 1.61-108
357-500 42.32 3.98-108
HTC pellets 212-322 41.50 3.92-108
322-477 24.27 477107
622-687 62.61 1.88-10°8

The TGA DTG curves for HTC pellets were divided into three main reaction zones, showing correlation
coefficients above 0.90. The first reaction zone represents the volatilization and combustion of volatile and the
second is the volatilization and combustion of the major part of char. In this case, as a highly carbonized fuel
obtained by means of the HTC process, the fixed carbon is in a higher quantity than conventional lignocellulosic
biomass and therefore burning rate peaks are quite similar. However, the activation energy of the reaction in
zone |l is 1.7 times smaller than the activation energy in reaction zone |. The combustion zone Ill can be
assumed as an extension of the char volatilization of zone II, which requires the highest activation energy of
all zones considered in HTC pellets. The analysis of zone Il and Ill together or even the analysis of zone Il
alone, suggests that there is a small amount of char that is the reaction rate limiting, which kinetically speaking
is the critical route of HTC pellets combustion.

3.2. Characterization of the final use of HTC pellets

Figure 6 shows the difference in boiler efficiencies between the tests performed with softwood pellets and HTC
pellets, which is around 6% higher for HTC pellets.

100 92
90 HTC Pellets 85 86

m Softwood Pellets 84
80

69

~
o

62

Efficiency (%)
N W B 0 D
o o o o o

-
o

o

Boiler efficiency-direct Combustion Efficiency Combustion Efficiency,
method (%) (%) empirical method(%)

Figure. 6. Boiler efficiency (direct method) and combustion efficiency calculated from indirect method and
using the empirical method.

The indirect method for the calculation of the boiler efficiency showed that flue gas losses accounted for about
18% for HTC pellets and 22% for softwood pellets. The losses regarding the unburnt fuel (Qygr term in Eq.
(8)) of HTC pellets and softwood pellets were about 8% and 15%, respectively. Visual observation at the end
of the tests confirmed the values obtained for losses by unburned fuel. Figure 7 shows the bottom ash collected
at the end of each test. The highly unburnt charcoal in the bottom ash of softwood pellets could suggest the
need for more extended boiler operation (more than 3 hours) in steady-state operation for bottom ash
sampling. A complete cycle of ash out boiler bed could be necessary. Nevertheless, for the HTC pellets test
without complete bottom ash out of the boiler bed, the picture of Figure 7a shows a higher charcoal burnout.
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Figure. 7. State of bottom ash at the end of the tests, a): HTC pellets and b): softwood pellets.

The temperature difference between exhaust gases and the environment for both fuel tests is nearly the same,
with only two degrees Celsius difference between each test. Still, the difference in a loss regarding hot gases
is mostly by the mass flow rate. Both fuels are burned with similar air-fuel ratios (AFR): 29.3 kg.i./Kkgguel fOr
softwood pellets and 29.5 kg.;./kgr.; for HTC pellets. Despite AFR for HTC pellets being slightly higher than
for softwood pellets, the low energy density of softwood pellets makes it necessary to supply more fuel mass
into the combustion chamber than for the other fuel. As a result, more air is needed, and more exhaust gases
are obtained, leading to more heat losses to the atmosphere. Figure 3 shows that the combustion efficiency
of HTC pellets is higher than the combustion efficiency of softwood pellets. Despite the quantitative differences
shown by the methods, consistent results are obtained, as both methods tend to show that HTC pellets are
more efficiently burned.
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Figure. 8. Emission factor for softwood and HTC pellets.

Figure 8 shows the emission factor (EF) for the measured gaseous emissions, where it can be seen that the
softwood pellets emit more carbon dioxide per unit of fuel energy (7 g/MJ). This slightly higher EF for carbon
dioxide could mean that softwood pellets tend to convert more carbon during the pyrolysis and gasification
phases, see zone Il as illustrated in Figure 4a. Indeed, the peak of the char gasification for softwood pellets
occurs at a higher temperature than for HTC pellets (416°C for Softwood pellets and 336°C for HTC pellets).
The volatiles released during this stage therefore find better kinetics conditions for the complete oxidation of
gaseous combustible material. As expected, carbon monoxide EF is bigger for HTC pellets than for softwood
pellets, which is related to the slow reaction rate of the kinetics in reaction zone Ill, shown in Figure 3a. On the
other hand, the HTC pellets have a higher fixed-carbon content with 8.6% more fixed carbon than the softwood
pellets. In general, the lower combustion efficiency showed by the softwood pellets is related to the amount of
unburned char found in the bottom ash. The lower density and lower LHV of softwood pellets than HTC pellets
lead to a higher mass flow rate of pellets in the fixed bed of the boiler, making it more difficult for the conditions,
in terms of combustion aerodynamics and heat transfer, to reach complete char gasification and consequently
oxidation.

The NOx emissions in the boiler come from two main sources, i.e., thermal NOx and fuel NOx. The thermal NOx
formation route is the NOx source attributed to the high temperature in the furnaces. The second one is
associated with nitrogen content in the fuel. The first sources could be minimaxed by managing the boiler's air
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supply and reducing the furnace's average temperature. However, regardless of how the fuel is burned, about
a third of the nitrogen in solid biofuel is converted to nitrogen monoxide [35]. EF-NOx of HTC pellets shows a
considerably higher value than softwood pellets, which was expected considering that elemental analysis (see
Table 1), nitrogen in the fuel is more than four times higher for HTC pellets than softwood pellets. But,
considering the higher energy density of HTC pellets, thermal NOx formation could play an essential role in the
NOx emission behaviour shown during the test.
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Figure. 9. Emissions factor of softwood and HTC pellets for PM2.5.

The particulate matter measurements show that more than 99% of the particle’s emissions were concentrated
up to 2 um. Then, the emission factor for particulate emission was computed only for PM2.5 (see Figure 9).
The EF-PM2.5 for HTC pellets was more than two times higher than for softwood pellets. Figure 9 shows that
for particles diameter between 0.0091 to 0.0248 um, PM emission for softwood pellets was higher than for
HTC pellets. Still, for particle diameter from 0.0406 to 3.0169 um HTC pellets, PM2.5 emission was far higher
than for softwood pellets. It can be realized that more than 99% of particles’ emissions up to 2 um are
concentrated between particle diameters from 0.0091 um to 0.43 um.
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Figure 11 clearly shows how the PM emission of softwood pellets is higher in the zone of smaller particle
diameter and higher particle diameter than HTC pellets particles emission. Nevertheless, the total particle
number emission was higher for HTC pellets than for softwood pellets.
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4. Conclusions

In this paper, a comparative study has been carried out on the combustion kinetics, efficiencies and emissions
of HTC pellets and softwood pellets.

The kinetics study of softwood pellets showed two characteristic peaks in combustion zone | and I, as
expected and the activation energies were found to be quite similar in both reaction zones. However, HTC
pellets showed a presumed small amount of char to be gasified in reaction zone lIl, which takes quite a higher
activation energy to start its conversion and therefore gives rise to a very slow reaction rate.

The combustion tests of softwood pellets and HTC pellets have shown that HTC pellets outperform softwood
pellets in terms of boiler efficiency and combustion efficiency. However, HTC pellets showed a higher emission
factor for carbon monoxide and NOx compared to softwood pellets. For both emission factors, it seems that
some optimization in terms of the air-fuel ratio can be performed to reduce the average temperature in the
combustion chamber and to increase the mixing of the air and the fuel. Both effects are highly desired to
minimize thermal NOx and CO emissions, respectively. Nevertheless, the particulate emission showed a high
number of particles in the combustion of HTC pellets. Therefore, special attention is required for the correct
setting of the air-fuel ratio during the combustion of HTC pellet fuel.
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