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Article
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Abstract: The combustion of renewable solid fuels, such as biomass, is a reliable option for heat
and power production. The availability of biomass resources within urban areas, such as tree
leaves, small branches, grass, and other green city waste, creates an opportunity to valorize such
resources. The energy densification of such resources using hydrothermal carbonization (HTC) and
pelletization of the carbonized material could create a new generation of domestic boiler biofuel.
However, combustion efficiency and emission assessments should be carried out for HTC pellets. The
primary objective of this study is to assess HTC pellets, provided by a waste upgrade company, in
terms of kinetics, combustion efficiency, and emissions, taking as reference base ENplus A1 certified
softwood pellets. Therefore, thermogravimetric analysis and combustion tests were conducted for
both fuels to achieve this. It was observed that a third peak of the burning rate during the solid carbon
oxidation of HTC pellets indicated a high activation energy. Combustion tests showed a 7% increase
in boiler efficiency for HTC pellets compared to softwood pellets. However, higher particulate matter
(PM), NOx, and CO emissions were recorded during the HTC pellets test. The results suggest that
optimizing the air/fuel ratio could further improve the performance of HTC pellets in domestic
boilers.

Keywords: green waste HTC pellets; softwood pellets; kinetics analysis; boiler efficiency; PM;
gaseous emissions

1. Introduction

Biomass resources from agriculture wastes, grass, leaves, sludge from anaerobic diges-
tion, and urban green wastes have great potential as energy resources. However, biomass
resources with low energy density, high moisture content, and high alkali/alkaline earth
content are challenging for direct combustion in conventional boilers [1]. Biomass pre-
treatment and raw biomass upgrade into better-quality biofuels have a substantial potential
to increase the feasibility of their use for heat and power generation [2,3]. Several studies
have been conducted on the pre-treatment of agricultural and food waste using hydrother-
mal carbonization (HTC), as the work presented by Kassim et al. [4], De Francesco [5] and
Balmuk et al. [6]. The main research focus has been studying the operational parameters
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of the HTC process as a pretreatment method and their impact on the quality of the fuel
obtained.

The HTC-pellets production at an industrial scale is not yet a feasible alternative big
enough to power big power plants, considering logistic issues and suitable organic raw
material availability [7]. On the other hand, HTC-pellets applications, such as small boilers
for heating purposes in the residential sector, emerge as a promising opportunity to valorize
low-quality organic wastes. Nevertheless, the final use of such solid fuels brings some
attention related to the emissions issues, particularly concerning nitrogen oxides (NOx) and
particulate matter emissions [8,9]. Only a small group of authors, e.g., Lasek et al. [10] and
Murillo et al. [11], have focused on assessing the HTC fuels and the combustion properties
of the obtained hydrochar under more realistic conditions relevant to the final use of the
HTC fuel, especially for small heating purposes. Therefore, the goal of the present research
is to carry out a study of HTC pellets in terms of thermal and emissions performances by
comparing laboratory experiment results and pilot test results against the results obtained
for high-quality ENplus A1-certified softwood pellets. The main contribution or novelty of
the results presented in this work lies in the combustion and emissions study of a promising
biofuel for household heating applications. Additionally, the combination of laboratory
kinetic experiments with pilot combustion tests constitutes a novel approach to asses such
biofuel for practical applications, using the kinetic data obtained for applied purposes
rather than for basic research.

2. Background

Over the last five years, a growing interest has been in obtaining carbonized fuels from
low-quality biomass resources, such as green city waste and agricultural residues. It turns
out that the HTC process is a viable alternative to valorize low-quality residues, obtaining
a high-quality biofuel in terms of energy density and durability [12]. Table 1 shows some
studies carried out in the last five years regarding producing and evaluating carbonized
materials and HTC pellets. The studies compiled in Table 1 suggest a considerable effort in
optimizing the HTC parameters and their impact on the quality of carbonized materials. Wu
et al. have conducted an extensive literature review on HTC of food waste for sustainable
biofuel production. The authors discussed the state of the proposed and actual applications
of the obtained carbonized material (hydrochar). They attribute the current gap between
progress in the hydrothermal carbonization (HTC) field for producing hydrochar and
its practical applications to several factors: the lack of coupling technologies between
hydrochar production and the power generation industry, the low standardization of the
HTC process, the need for developing continuous industrial HTC reactors, and the absence
of an optimized supply chain between food waste generation, hydrochar production, and
their final application to consumers [13]. The arguments presented by the authors are
economically interconnected. However, studies conducted in HTC mainly focus on the
HTC process parameters, with practical aspects related to the final application barely
addressed.

Only three surveyed studies (Table 1) specifically addressed the final application of
the obtained biofuel. Murillo et al. evaluated the final application of HTC pellets obtained
from oat and husk sawdust blends for domestic pellet stoves. The authors optimized
HTC parameters to maximize char yield and heating value. They assessed the hydrochar
pellets using gaseous emissions measurements, highlighting an increase in NOx for HTC-
treated biofuel compared to raw fuels. PM emissions were gravimetrically measured
based on the particle mass captured in two quartz microfiber filters. The authors observed
a considerable reduction in PM emissions compared to sawdust and commercial wood
pellets [11]. However, the study was limited to HTC pellets with less than one wt.% of
ash content on a dry basis. Thermogravimetric Analysis (TGA) of hydrochar pellets was
not conducted, which could provide insights into char oxidation kinetics and reactivity.
Additionally, with the experimental setup used, it was not feasible to further characterize
PM emissions in terms of particle size distribution.
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Table 1. The aspects addressed in studies found over the last five years regarding HTC-treated biomass resources.

Years Authors HTC
Parameters TGA a F. A. b G. E. M. c P M d Main Goal Main Contribution

2019 Zhu et al. [14] X X - - -

To investigate the influence of HTC
parameters on the physical and
chemical properties of cotton stalk
hydrochar, its binderless
palletization, and its combustion
properties using TGA.

Considerable insights were
obtained regarding the main
transformation mechanisms during
HTC pre-treatments and their
impact on energy consumption for
palletization and biofuel reactivity.

2020 Liang et al. [15] X X - - -

To study the effects of
hydrothermal treatment
parameters on relevant combustion
properties, mainly using TGA, and
to evaluate the influence of three
binders.

A combination of HTC parameters
and a binder based on CaCO3 was
found to obtain optimal pellets
from agricultural wastes.

2020 Sharma and
Dubey [16] X X - - -

To investigate the effect of HTC
severity factor on yard waste
regarding the fuel, mechanical,
storage, transport, and combustion
characteristics of the resulting
hydrochar pellets

The paper demonstrates how
varying HTC severity factors affect
municipal yard waste hydrochar
pellets, highlighting improved
combustion properties and
binder-free palletization feasibility.

2021 Moreira et al. [17] X X - - -

To study reusing ash from food
waste HTC as an additive for
producing hydrochar pellets for
solid biofuels or CO2 adsorbents in
energy systems.

The authors demonstrated the
feasibility of using ash from food
waste hydrothermal carbonization
as an inorganic lubricant/dopant
additive in pellets for both
combustion and CO2
physisorption, enhancing their
utility as solid biofuel.

2021 Murillo et al. [11] X - X X X

To study the optimal obtention of
sawdust and Oat husk HTC pellets
and its emissions assessment for
domestic pellet stoves.

The obtention of optimal HTC
parameters for maximizing char
yield and Heating value of
hydrochar pellet and conducting a
comprehensive assessment of their
gaseous and PM emissions
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Table 1. Cont.

Years Authors HTC
Parameters TGA a F. A. b G. E. M. c P M d Main Goal Main Contribution

2021 Namkung et al.
[18] - X - - X

To assess the influence of different
pretreatments on fuel reactivity,
PM emissions, PM morphology,
and chemical composition.

A factual relationship between
mineral composition and PM
emissions was found.

2022 Hansen et al. [19] X - - X X

To overview the influence of
changing inorganic composition in
HTC-treated fuels on the risk of
fine PM and NOx emissions, as
well as ash melting behavior

The effects of different
hydrothermal treatment
parameters on properties relevant
to combustion, such as inorganic
composition in the resulting fuel,
were examined.

2023 Balmuk et al. [6] X X - - -

To assess thermally treated (by
pyrolysis and HTC process) olive
waste from a two-phase olive mill
regarding combustion performance
and ash-related problems.

The authors identified optimal
thermal pretreatment parameters
for converting olive waste into
solid biofuels with combustion
characteristics comparable to
lignite.

2023 Lasek et al. [10] - - X X X

To assess the combustion and
emissions performance of torrefied
biomass 10 kW domestic boiler and
in a 25-kW coal-fired boiler.

References values of boiler
efficiency and emission factors for
various thermally treated biomass
feedstocks were obtained.

2023 Paniagua et al.
[20] X - - - -

To compare torrefied biomass
quality regarding the inorganic
composition of char derived from
Napier grass via vapothermal
carbonization (VTC) and HTC.

The authors describe the effects of
HTC on the ash, potassium,
chlorine, sulfur, and sodium
contents of the obtained biofuel,
alongside an assessment of the
associated risks of corrosion,
fouling, and slagging e.

2023 Saha et al. [21] X X - - -

To evaluate the influence of
operational temperature in HTC of
Shrimp shell on hydrochar
properties, physicochemical
attributes, and combustion
characteristics, including the risk of
fouling and slagging.

The optimal operational
temperature for the HTC process
was determined based on heating
value, ignition temperature,
ignition index, and a reduced
possibility of hydrochar fouling
tendency.
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Table 1. Cont.

Years Authors HTC
Parameters TGA a F. A. b G. E. M. c P M d Main Goal Main Contribution

2023 Wang et al. [22] X X - - -

To study the effects of HTC
temperature and holding time on
the yield, composition, structure,
combustion behavior, and safety of
hydrochar for Blast Furnace
Injection.

The suitable HTC parameters for
industrial hydrochar production,
aiming for Blast Furnace Injection,
were identified, considering
productivity and potential CO2
emission reduction.

2023 Wu et al. [23] X X - - -

To assess the impact of agricultural
waste HTC temperatures on
physicochemical properties of
hydrochar, combustion
characteristics, kinetic analysis, and
the propensity of fouling and
slagging.

The optimal agricultural waste
HTC temperature was determined,
considering thermal performance
and the risk of fouling and slagging
associated with the resulting
hydrochar.

2024 Guo et al. [24] X X - X -

To determine the impact of plastic
waste and Ca-rich fungus bran
co-torrefaction on the combustion
characteristics and reactivity of
Obtained biofuel.

The optimal share of plastic waste
and Ca-rich fungus bran for
co-torrefaction was determined,
considering fuel reactivity and gas
emissions analyzed through TGA
coupled with FTIR measurements.

2024 Carvalho et al.
[25] X X - - -

To explore the influence of
Eucalyptus grandis HTC
temperature and H2SO4 catalyst on
hydrochar production and evaluate
the combustion behavior of the
resulting biofuel.

The authors found a proper
combination of HTC temperature
and catalyst agent quantity to
enhance hydrochar formation and
thermal properties.

a TGA (Thermogravimetric analysis), it is used to indicate if TGA was conducted in the study; b F. A. (Final application), it is used to indicate if the final use of the fuel was addressed
using pilot tests; c G. E. M. (Gaseous emissions measurements), it is used to indicate if gaseous emissions measurements were considered in the study; d PM, it is used to indicate if
particulate matter emissions measurements were considered in the study; e Fouling and slagging: Fouling is the accumulation of unwanted materials, like soot or ash, on heat transfer
surfaces, reducing efficiency and increasing maintenance needs. Slagging is the formation of molten or partially molten deposits on furnace surfaces, obstructing gas flow and reducing
heat transfer efficiency.
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Namkung et al. [18] studied the char combustion characteristics of empty fruit bunch
(EFB) and palm kernel shell (PKS) through Thermogravimetric Analysis, ash deposition
behavior, and particulate matter (PM) emissions using drop tube furnace (DTF) experiments.
The authors burned raw, demineralized, and torrefied biomass samples. Torrefaction
increased the fixed carbon of the EFB sample by about 6% and the PKS sample by 40%
compared to raw samples. In general, torrefaction lowered the char conversion compared
to the raw samples, while demineralization pretreatment did not affect char reactivity.

The removal of potassium (K), chlorine (Cl), and sulfur (S) through demineralization
pretreatment decreased the ash deposition rate. Compared to raw samples, PM emissions
were reduced by about 67% for the EFB sample and 49% for the PKS samples. However,
torrefied samples exhibited higher PM emissions than raw and demineralized samples. PM
emissions of the EFB sample increased by about 74% and about 96% for the PKS samples
compared to raw samples [18]. The study provides strong evidence of the dependence
of mineral composition on particulate matter (PM) emissions under highly controlled
conditions. However, DTF tests are typically designed to simulate specific zones of a
firing system physically. Combustion tests conducted in DTF facilities effectively address
phenomena such as fouling and slagging in critical regions of a firing system. Nevertheless,
the study of combustion behavior, as well as gaseous and PM emissions, is significantly
influenced by factors beyond just a specific section of the firing system.

Similar trends were observed by Lasek et al. during combustion tests conducted in
a 10 kWth pellets-fired boiler equipped with a drop-down feeding system. The authors
assessed the emissions of CO, NOx, and particulate matter (PM) from burned torrefied
biomass and wood pellets. The study generally indicated higher CO, NOx, and PM emission
factors (on an energy basis, g/MJ) for torrefied biomass than for the wood pellet. The CO,
NOx, and PM emission factors of torrefied biomass were approximately 27%, 23%, and 14%
higher than wood pellets. The increased CO emission factor was related to the combustion
chamber design, which was optimized for fuels with lower fixed carbon content, such as
wood pellets. Compared to wood pellets, a higher NOx emission factor was associated
with the high fuel-nitrogen content in torrefied biomass. On the other hand, PM emissions
were linked to torrefied biomass forming a dusty cloud during the early devolatilization
process [10]. The observed increase in the CO emission factor is majorly related to the
higher fixed carbon content in the torrefied samples, which likely contributes to the rise
in CO emissions. However, the study does not provide a detailed explanation of the
mechanisms and phenomena responsible for this increase in unburned gaseous material.
TGA experiments on the fuels could offer valuable insights into the late gasification stage
of char during the combustion of torrefied biomass; such experiment results could help the
authors identify potential countermeasures to mitigate this emissions behavior.

The literature surveyed suggests a gap between commercially available HTC pellets
and the combustion parameters of existing small domestic boilers for heating purposes. The
boiler efficiency and emission profiles should be used to assess HTC pellets in such boilers,
initially designed for burning wood pellets. The present research proposes a combination
of laboratory and pilot combustion experiments, targeting the final use of this novel and
commercially available biofuel, allowing us to obtain practical insights into the possible
utilization of HTC pellets for domestic heating purposes.

3. Materials and Methods

HTC pellets produced by an organic upgrade fuel company via HTC treatment of
green city waste were tested and compared to softwood pellets as a reference. The ki-
netics were studied through TGA in a TGA/DSC 3+ device (Mettler Toledo company,
Greifensee, Switzerland). The TGA experiments were conducted under an air atmosphere
of 60.0 mL/min for softwood and HTC pellets.

The thermal efficiency and the environmental impact of the combustion of HTC pellets
were assessed at the Vrije Universiteit Brussel biomass laboratory on a 40 kW MULTI-HEAT
boiler (HS TARM company, Philadelphia, PA, USA). It is equipped with a gas-in-tube heat
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exchanger with helical rods. The boiler is designed for fuels in the form of pellets and chips.
It is connected to the thermal network, which is equipped with a PLC system with a Desigo
CC Compact V6.0 QU1software (Siemens company Munich, Munich, Germany). It has
various sensors to control and measure the flow rates and temperatures in the hydronic
system and the boiler exhaust. 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 gas analyzer
HORIBA PG-250 (Horiba, Ltd., Kyoto, Japan). The particulate matter was measured
using an Electrostatic Low-Pressure Impactor, ELPI+ (Dekati Ltd., Tampere, Finland).
Additionally, the flue gas temperature and circulation water temperatures were measured.
Also, the fuel hopper was continuously weighed to measure the fuel consumption rate. The
material and methods described in this work, as well as the results shown, it is an extended
version of the work presented in [26].

3.1. Fuel Laboratory Characterization

Table 2 summarizes the relevant properties of physicochemical characterization of
the fuels burned during the TGA experiments and the combustion tests. The laboratory
characterization of the softwood pellets was taken from the work of [27]. Density analysis
was carried out following the guidelines provided by standard ISO 17828 [28]. The moisture
content, ash content, and volatile matter content analyses were conducted following the
standards ISO 18134 [29], ISO 18122 [30], and ISO 18123 [31], respectively. The fixed carbon
content was obtained by difference. The calorimetry analysis was conducted according to
the standard ISO 18125 [32]. The carbon, hydrogen, and nitrogen content analyses were
obtained following the standard ISO 16948 [33]. The oxygen content was computed by
difference. The sulfur and chlorine content analyses were conducted following the standard
ISO 16994 [34].

Table 2. Physicochemical characterization of the analyzed fuels. Source: data adapted from [27,35,36].

Properties Units Softwood Pellets HTC Pellets

bulk density kg/m3 ≥630 696
lower heating value (LHV) a MJ/kg, db ≥18.8 a 23.12
higher heating value (HHV) a MJ/kg, db ≥20.2 a 24.36
moisture content wt.%, ar <8 5.8
volatile matter wt.%, daf (77.7) 69.1
fixed carbon wt.%, daf (22.3) 30.9
ash content wt.%, 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) 23.3
sulfur (S) wt.%, db ≤0.04 0.137
chlorine wt.%, db ≤0.02 0.092

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 [27] from the public Phyllis2 database.
a The heating values were computed by the original author [27] using the Boie model [37].

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. Elemental composition shows low chlorine amounts in the tested
HTC and softwood pellets. However, the chlorine quantity in the HTC pellets is about five
times higher than in the softwood pellets, which might represent a long-term corrosion risk
for the firing system. Other important features of the HTC pellets are the higher nitrogen
and ash content than softwood pellets, considering their potential contribution to NOx and
PM emissions.
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3.2. Experimental Setup for Emissions Assessment

PM and exhaust gas composition measurements were simultaneously carried out, as
Figure 1 shows. The exhaust gas composition was measured on a volumetric and dry basis.
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Figure 1. Scheme of equipment for measuring particulate and gaseous emissions. Source: taken
from [27] and modified by the authors.

PM measurement was carried out by diluting the combustion products with air using a
two-stage dilution system to control parameters like temperature, humidity, and particulate
concentration according to the specifications of the measuring device. This configuration
increases the reliability of the ELPI+. Additionally, it minimizes the probability of modifica-
tions in the PM distribution due to aerosol chemistry during the measurement process, as
suggested by the work of Cornette [38].

3.3. Indexes for Combustion Characterization and Kinetics

The ignition and burnout characteristics of a fuel are commonly related to the ignition
temperature (Ti) and the burnout temperatures (Tb). 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 described in [39,40].

The fuel thermal degradation is expressed as Equation (1) shows, with Wi being the
initial mass fraction of the sample, W the remaining mass fraction of the sample, and Wf
the final mass fraction of the sample

α =
Wi − W
Wi − Wf

, (1)

The burnout temperature can be estimated via the “Conversion Method”, suggested
by [41]. The method uses a simple criterion for selecting the burnout temperature, which
considers Tb at the point where the fuel reaches 99% of thermal degradation (α = 0.99).
The tangent method may 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 appear; 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 [39].

Combustion characteristics of biomass fuels can be assessed by the index S [42].
Equation (2) shows the formula to compute a comprehensive combustion index.

S =
(dα/dt)max·(dα/dt)mean

T2
i ·Tb

, (2)

The index considers the maximum fuel conversion rate [(dα/dt)max] and the average
value [(dα/dt)mean]. A higher comprehensive combustion index represents a higher fuel
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reactivity, which results in better fuel combustion performance [43]. In biomass combustion,
pyrolysis is one of the most difficult stages to account for accurately. Nevertheless, some
general conversion routes can be assumed: biomass → char + volatiles + gases. Depending
on the pyrolysis regime, the amount of products can vary [44,45]. This work studies
the combustion reaction kinetics of softwood and HTC pellets using data obtained from
TGA experiments. There are several methods available in the literature for modeling the
combustion reaction kinetics, such as the Kissinger-Akahira-Sunose (KAS) method [46,47],
Ozawa-Flynn-Wall method (OSF) [48,49] or Coats–Redfern method [50]. The present
study selected the Coats–Redfern method, considering its simplicity and the possibility of
estimating the activation energy and the pre-exponential factor with a minimum of TGA
experiments.

3.4. 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 efficiency is calculated from the parameters measured
during the combustion tests. In this case, using a more practical approach, Equation (3)
shows the efficiency model of a boiler using the direct method.

ηB =

.
QL
.

QF

, (3)

.
QL represents the thermal power transferred from the fuel to the feeding water of

the boiler. As the water vapor in the exhaust gases is not condensed, the LHV is used
to compute the thermal power from the fuel

.
QF. The indirect method for computing

the efficiency in the boiler is a more interesting option, considering the possibility of
identifying the critical point related to all the effects that cause a reduction in boiler
efficiency. However, calculating boiler and combustion efficiency using the indirect method
requires a representative sampling of bottom and fly ashes in the boiler. In a small fixed-
bed boiler, at least 24 h 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 a simplified method for computing the combustion efficiency of biomass
boilers [51,52]. The method has been successfully applied if CO ≤ 0.5 vol%, CO2 ≥ 5 vol%,
and exhaust gas temperatures below 400 ◦C [53].

ηC = 100 − Lth − Lch, (4)

Equation (4) relates the combustion efficiency to two parameters: the thermal (Lth)
and chemical losses (Lch).

Lth =

(
Tfg − TA

){
1.39 + 122

CO2+CO + 0.02·u
}

LHV
100 − 0.2442·u

, (5)

Lch =
CO

CO2 + CO
11800

LHV
100 − 0.2442·u

, (6)

Tfg and TA stand for the temperature of the exhaust gases and atmosphere. CO and
CO2 are the carbon monoxide and carbon dioxide volume fractions measured on a dry
basis. u represents the fuel moisture expressed in percentage. Additionally, by expressing
the energy balance on the boiler, some approximation of the losses regarding unburned
carbon on the 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 Equation (8) shows, an
estimation of energy losses regarding unburned fuel

( .
QUBF

)
can be computed as

.
QF =

.
QL +

.
QFG +

.
QUBF +

.
QRC, (8)

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 [54]. Then, with the value of losses
by unburned fuel, Equation (9) can compute the combustion efficiency, which is based on
the total power from the fuel and the power not used by unburned fuel.

ηC =

(
1 −

.
QUBF

.
QF

)
, (9)

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

EFe =

.
mi/∆t( .

mf/∆t
)
·LHV

, (10)

In Equation (10), mi represent the mass of each pollutant emitted during the considered
time window (∆t). The emission factors for particle number of PM2.5 and PM10 are
computed according to Equations (11) and (12).

nPM = yn·DR2·
.

Vfg,dil,dry, (11)

EFPMx =
nPM/∆t( .

mf/∆t
)
·LHV

(12)

In Equation (11), yn represents the particle number, DR2 stands for dilution ratio at
dilution stage two and

.
Vfg,dil,dry represent the volumetric flow of diluted exhaust gases at

dry conditions.

4. Results and Discussions
4.1. Kinetic Analysis of the Fuels

In general, during TGA experiments of lignocellulose-biomass under oxidative con-
ditions, 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. The second step is when
volatilization and combustion of volatiles start, extending from about 120 ◦C to about
420 ◦C. Then, a third step of char oxidation starts from a temperature range of about 310 ◦C
up to about 520 ◦C. Finally, the burnout step appears when all remaining char is consumed,
starting at about 480 ◦C [55,56]. 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 could be taken as a reference for other biomass
samples, considering that the mentioned author analyzed 12 different types of biomass
using different heating rates.

Figure 2a shows the derivative thermogravimetric curve (DTG), and Figure 2b shows
the TGA of softwood pellets of the same sample. The drying step extends from 25 ◦C up
to 95 ◦C, followed by an almost flat zone, where a nearly constant weight loss rate (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
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and cellulose at the end of this step. The highest weight loss is observed between 197 ◦C
and 357 ◦C. Step C ranges from 357 ◦C to 500 ◦C, where the char coming from the lignin is
oxidized. However, some authors point out that some char could also appear at the end
of step B [44,57,58]. The burnout step starts at 500 ◦C, completely oxidizing the char. For
the present analysis, two zones were studied further: Zone I (197 ◦C–357 ◦C) and Zone II
(357 ◦C–500 ◦C).
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analysis. (b) Thermogravimetry analysis (TGA).

Figure 3a shows the DTG of HTC pellets, and Figure 3b shows the corresponding
TGA curve. As for the softwood pellets, four steps can be identified (A to D), but there are
some differences to be noticed. 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
observed. The first one is from 25 ◦C to 117 ◦C, which is assumed to correspond to the
evaporation of free water in the fuel. The second is from 117 ◦C to 212 ◦C, corresponding
to the evaporation of the crystal water and absorbed water contained in the fuel structure.
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. The difference in the temperature range of step
B between softwood pellets and HTC pellets may be influenced by the higher content of
volatile matter in the softwood pellets compared to the HTC pellets.
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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 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 increases, making a second
peak in step C. It can be noticed more clearly from the DTG curve (Figure 3a) from 622 ◦C
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 steps B and C of softwood pellets, strongly
suggests a less chaotic burning rate and better combustion stability for the HTC pellet.

Table 3 shows the comprehensive combustion index S. It clearly shows that the index
is bigger by about one order of magnitude for HTC pellets than for softwood pellets. Some
authors claim that a higher S index indicates a higher fuel reactivity and a better fuel
combustion performance. The ignition temperature of the two 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.
Still, considering Figures 2 and 3, it can be noticed that the tangent method showed a poor
physical meaning regarding burnout temperature. Using the conversion method suggested
by Lu and Chen [41], the burnout temperatures of HTC pellets and softwood pellets can be
estimated again, which leads to 500 ◦C and 687 ◦C for softwood pellets and HTC pellets,
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respectively. The new burnout temperature allows the re-computing of a comprehensive
combustion index, which in this case is for both cases in the same order but slightly better
for HTC pellets.

Table 3. Characteristic combustion parameters for softwood pellets and HTC pellets.

Biomass Sample Ignition Temperature
(◦C)

Burnout Temperature
(◦C)

Temperature at
Maximum Burning

Rate (◦C)

Index S
( min−2·K−3)

softwood pellets 257 474 (500) a 293 1.45 × 10−10

(1.23 × 10−10) b

HTC pellets 259 392 (687) a 301 1.45 × 10−9

(2.57 × 10−10) b

a The value in brackets represents the estimated burnout temperature using the conversion method. b The
value in brackets corresponds to the recomputed comprehensive combustion index based on the new burnout
temperature.

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; therefore, 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 a
result, oxygen diffusion to the char can be enhanced. Khoo et al. [59] observed a similar
behavior during the TGA of hydrochar derived from high-ash, low-lipid microalgal biomass
through hydrothermal carbonization. The authors referred to the final peak observed in
the DTG curves as a passive combustion reaction zone. HTC process provokes an increase
in ash content and concentration of inorganic compounds, such as magnesium (Mg) and
calcium (Ca). Calcium carbonate (CaCO3) and magnesium carbonate (MgCO3) will further
decompose in the HTC fuel during this passive combustion zone to finally release CO2.
However, the decomposition of calcium and magnesium carbonates will form calcium,
magnesium monoxides, and carbon dioxide as more stable compounds depending on
several factors: particle size of the carbonates, the porosity of the remaining carbon-ash
matrix, temperature, residence time of intermediate species as carbon monoxide before
complete oxidation and oxygen amount [60,61].

Figures 4 and 5 show the fitting curves of softwood pellets and HTC pellets for
different combustion reaction stages through multiple first-order reactions.
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The 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 I in Figure 2a) and from
357 ◦C to 500 ◦C (zone II 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 modeling 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 II occurs at a lower burning rate than zone I, about 2.2 times
lower than zone I. Table 3 shows the kinetic parameters for tall reaction zones, outlined in
Figures 4 and 5. The required activation energy is bigger for zone I than zone II, suggesting
a slower reaction rate for such zones.

Table 4 shows the kinetic parameters of softwood and HTC pellets, being the activation
energy of HTC pellets in the temperature range from 622 ◦C to 687 ◦C higher than in the
other two temperature ranges.

Table 4. Kinetic parameters in different temperature ranges.

Biomass Sample Temperature Range
(◦C)

Activation Energy
(kJ/mol)

Pre-Exponential
Factor (min−1)

Softwood pellets 197–357 46.32 1.61 × 106

357–500 42.32 3.98 × 106

HTC pellets
212–322 41.50 3.92 × 106

322–477 24.27 4.77 × 107

622–687 62.61 1.88 × 106
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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 volatiliza-
tion and combustion of volatile matter, and the second is the volatilization and combustion
of the major part of char. In this case, as a highly carbonized fuel obtained employing the
HTC process, the fixed carbon is in a higher quantity than conventional lignocellulosic
biomass. Therefore, burning rate peaks are quite similar. However, the activation energy
of the reaction in zone II is 1.7 times smaller than the activation energy in reaction zone I.
Combustion zone III 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 II and III together, or even zone III alone, suggests that a small amount of
char is the reaction rate limiting, which may represent a critical reaction zone for achieving
an efficient HTC pellets combustion.

4.2. Combustion and Emissions Study in a Pilot Boiler

Figure 6 shows the difference in boiler efficiencies between the tests performed with
softwood pellets and HTC pellets, which is about 7% higher for HTC pellets than for
softwood pellets.
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method and using the empirical method).

The indirect method for calculating the boiler efficiency showed that flue gas losses
accounted for about 18% of HTC pellets and 22% of softwood pellets. The losses regarding
the unburnt fuel (

.
QUBF in Equation (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 h) in steady-state operation
for bottom ash sampling. A complete cycle of ash removal from the boiler bed may be
necessary. Nevertheless, for the HTC pellets test without a complete cycle of ash removal
from the boiler bed, Figure 7a shows a higher charcoal burnout than softwood pallets
(Figure 7b).
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The temperature difference between the exhaust gases and the environment for both
tested fuels is almost the same, with only a two degrees Celsius difference between each
test. Still, the difference in loss regarding hot gases is primarily due to the mass flow rate.
Both fuels are burned with similar air-fuel ratios (AFR): 29.3 kgair/kgfuel for softwood
pellets and 29.5 kgair/kgfuel for HTC pellets. Despite the slightly higher AFR required
for HTC pellets, the low energy density of softwood pellets makes it necessary to supply
more fuel mass into the combustion chamber. As a result, more air is required, and more
exhaust gases are produced, increasing heat losses to the atmosphere. Figure 6 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, the results
are consistent. Both methods show that HTC pellets are burned more efficiently in the used
boiler under similar operational parameters.

Table 5 shows the measurements of flue gas composition for softwood and HTC pellets
under measurement conditions and normalized at 10 Vol. % oxygen concentration. The
normalized results indicate similar values for carbon dioxide concentration. However, the
values for carbon monoxide and nitrogen oxides were considerably higher for HTC pellets
than softwood pellets.

Table 5. Emissions measurements and normalized values.

Parameter Units Softwood Pellets HTC Pellets

Average
Value

Standard
Deviation

Average
Value

Standard
Deviation

PNn, total #/m3 2.95 × 1011 4.97 × 1010 6.66 × 1011 2.28 × 1010

Measurements at real O2 concentration
O2 Vol. % 15.30 0.20 15.50 0.98
CO ppm 8 3 166 56
CO2 Vol. % 5.71 0.17 5.34 0.87
NOx ppm 35 2 96 16

Measurements normalized at 10 Vol. % of O2 concentration
CO ppm 15 7 331 88
CO2 Vol. % 10.14 3.01 10.72 0.53
NOx ppm 62 18 201 64

Figure 8 shows the emission factor (EF) for the measured gaseous emissions in terms
of pollutant mass per unit of energy. The combustion of softwood showed a slight increase
in carbon dioxide emission factor concerning HTC pellets, 8 g/MJ more than HTC pellets.
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This higher emission factor for carbon dioxide could mean that softwood pellets tend
to completely oxidize more carbon instead of remaining in the form of carbon monoxide.
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 found better kinetic conditions for the complete oxidation of
gaseous combustible material. As expected, the carbon monoxide emissions factor is higher
for HTC pellets than for softwood pellets, which is related to the lower reaction rate of the
kinetics in reaction zone III, as shown in Figure 3a. On the other hand, the HTC pellets
have a higher fixed-carbon content with 8.6% more fixed carbon than softwood pellets. The
late release of carbon monoxide as an intermediate species on the decomposition of calcium
and magnesium carbonate in the ash matrix could influence the higher CO emissions factor
of the HTC 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
bulk density and lower LHV of softwood pellets, compared to HTC pellets, led to a higher
volume of fed softwood pellets into the combustion chamber to meet similar thermal power
requirements of the boiler during the tests. The fuel excess in the combustion chamber
does not benefit the combustion aerodynamics and the heat transfer process in the fuel
bed, lowering char gasification and oxidation under the high thermal load operation of the
boiler.

The NOx emissions during biomass combustion originate from three gas-phase reac-
tion mechanisms: the thermal NOx mechanism (nitrogen oxidation due to high tempera-
tures, usually higher than 1300 ◦C), the prompt NOx mechanism (reaction of CH radicals
with atmospheric nitrogen in areas close to the flame front), and the fuel NOx mechanism
(oxidation of the nitrogen contained in the fuel). The thermal and prompt NOx mechanisms
are more significant in the combustion of fossil fuels, where the average temperature of
the furnace could be higher than 1300 ◦C. Usually, the firing systems designed for biomass
combustion operate at temperatures between 900 ◦C and 1000 ◦C, with peaks up to 1300 ◦C.
Therefore, the fuel NOx mechanism dominates nitrogen emissions during biomass combus-
tion [62]. Other authors state that regardless of the implemented firing system, about a third
of the nitrogen in solid biofuel is generally converted to nitrogen monoxide [63], which
makes the nitrogen content in biomass fuels critical regarding NOx emission. EF-NOx of
HTC pellets shows a considerably higher value than softwood pellets, which was expected
considering that elemental analysis (see Table 1) shows that nitrogen in the fuel is more than
four times higher for HTC pellets than softwood pellets. The NOx emissions associated with
the nitrogen in the fuel (fuel-N) are described by complex homogeneous and heterogeneous
reaction pathways of NO formation and NO reduction. Fuel-N is usually divided into two
parts: volatile nitrogen (volatile-N) and the remaining nitrogen in the char matrix (char-N).
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The first part is released with the volatiles during pyrolysis, which breaks down from tars
to NH radicals to form nitrogen monoxide. The second part of the fuel-N is retained in
the char matrix, which is oxidized in oxygen-rich atmospheres. However, the initially
oxidized char-N could be reduced by interacting with the porous char particles through
heterogeneous or homogeneous reactions in the presence of carbon monoxide, catalyzed
by calcium (Ca) and magnesium (Mg) from the ashes. Additionally, more NO and N2O
could be formed from the interaction of the char matrix with HCN and CH radicals. On
the other hand, some N2O could be transformed into elementary nitrogen in atmospheres
with water vapor and carbon monoxide. Both nitrogen conversion routes contribute to the
NOx emissions. However, the amount of fuel-N distributed between volatile-N and char-N
is nearly proportional to the volatile amount in the fuel, with the volatile-N contribution
to NOx formation between 70% and 90% [64–66]. On the other hand, volatile-N is more
difficult to prevent from transforming into NOx emission than char-N. The HTC pellets
have a lower ratio of volatile matter to fixed carbon than softwood pellets. Nonetheless,
56% of fuel-N is converted into NOx for HTC pellets and 27% for softwood pellets, which
could indicate that the pretreatment of the row biomass has concentrated the nitrogen in
the char matrix. The higher conversion percentage of fuel-N to NOx during HTC pellets
combustion could be related to the observations made by Kaivosoja et al. [67], whereas the
fixed carbon content increases, nitrogen trends to bind in heterocyclic structures leading to
the formation of HCN, rather than being present in the form of amines or quaternary-N
structures, being formed NH3 which is a better reductant of NO than HCN, which tends to
reduce NO to N2O rather than to N2. The N2O can be transformed to NO under fuel-lean
conditions close to the fuel bed and at moderately low temperatures.

Figure 8 shows the emissions factor of PM up to 2.5 µm (EF-PM2.5) for HTC pellets
and softwood pellets.

The particulate matter measurements have shown that more than 99% of the emitted
particles were concentrated up to 2 µm. 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
twice as high as for softwood pellets. The high ash content of HTC pellets, which was
more than ten times higher than that of softwood pellets, likely contributed to the elevated
PM emission factor of the HTC pellets. The high fixed carbon content of the HTC pellets
might contribute to the presence of unburned carbon (soot) in the flue gases, which could
be the reason for the drastically higher emissions factor for PM2.5. Figure 10 shows a clear
difference in particle size distribution for softwood and HTC pellets. The 10% cumulative
distribution (D10) of PM emission is up to particle diameter 0.016 µm for the softwood
pellets and 0.0248 µm for the HTC pellets. The 50% cumulative distribution (D50) of PM
emission is up to particle diameter 0.0406 µm for the softwood pellets and 0.0701 µm for
the HTC pellets. The 90% cumulative distribution (D90) of PM emission is up to particle
diameter 0.0701 µm for the softwood pellets and 0.1295 µm for the HTC pellets.

Figures 10 and 11 show that for particle diameters between 0.0091 and 0.0248 µm, the
particle number for the softwood pellets was higher than for the HTC pellets. Nonetheless,
in the particle diameter range of 0.0406 to 3.0169 µm, the particle number for the HTC
pellets was far higher than that of the softwood pellets. It can be realized that the higher
particle number count for both burned fuels is concentrated in the diameter range of
0.0091 µm to 0.43 µm.
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Figure 11 shows how the particle number of softwood pellets is higher in the zone of
smaller particle diameter and higher particle diameter than HTC pellets particle emission.
Nevertheless, the total particle number emission was higher for the HTC pellets than for
the softwood pellets. Han et al. [19] observed a trend in which the formation of vaporized
matter decreases in torrefied fuels during combustion, typically resulting in a higher
quantity of larger particles. The HTC process facilitates the reduction of chlorine and sulfur
in its carbonized product. This will increase the presence of inorganic ash compounds (Na,
Ca, Mg, and K) in less reactive forms, such as aluminosilicates in bottom and fly ashes. The
elevated particle number in the smaller size range for softwood pellets aligns with these
findings. However, a higher particle number for softwood pellets is evident for diameters
of 4.8 µm and 7.3 µm. This is attributed to the lower combustion efficiency depicted in
Figure 6 and the unburnt material illustrated in Figure 8 for softwood pellets, which may
suggest the existence of larger unburnt carbon particles in the exhaust gases.

5. Conclusions

In this study, a comparison was made between the combustion kinetics, efficiencies,
and pollutant emissions of green waste HTC pellets and softwood pellets.

Both pellet types exhibited two distinct peaks corresponding to combustion zones I
and II in the DTG graphs Figures 2a and 3a). However, the HTC pellets showed a lower
burning rate in zone I due to their lower volatile matter content. In zone III, a small amount
of char required higher activation energy for its complete conversion, resulting in a very
low reaction rate. This third reaction rate peak is associated with the fuel composition in
terms of the high fixed carbon and ash content.

The combustion tests of HTC and softwood pellets have shown that HTC pellets out-
perform softwood pellets in terms of boiler efficiency and combustion efficiency. However,
HTC pellets showed higher CO, NOx, and PM2.5 emission factors than the softwood pellets
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in the tested operation mode. The PM emission results showed that most particles emitted
are concentrated up to PM2.5.

The mitigation of such emissions could be considered, to some extent, impractical
for small boiler applications. However, implementing air-staging combustion could be an
option to explore for reducing NOx emissions, as well as partial recirculation of combustion
products. On the other hand, air-staging combustion might increase CO emissions, and
from a practical point of view, some physical modifications to the boiler may be required.
The characteristic short residence time of combustion products in such small boilers seems
to have a considerable impact on CO, NOx, and PM emissions.

In general, the results suggest a good opportunity to optimize boiler operation in
terms of the air-fuel ratio to minimize CO, NOx, and PM emission factors, considering the
advantages and disadvantages of tuning the air-fuel ratio parameter for boiler efficiency and
emissions in a domestic heating application. The higher boiler efficiency during HTC pellet
combustion compared to softwood pellet combustion presents an interesting opportunity
to find a beneficial trade-off regarding thermal and environmental performance. Modifying
boiler operational parameters, such as the fuel feeding rate or the amount of combustion
air, could alter the combustion product residence time before exploring other alternatives,
which might involve physical modifications.
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