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A B S T R A C T

Hydrothermal carbonization (HTC) can transform a wide range of biomass into renewable biofuels. Hydrochar, 
the solid fuel resulting from HTC, has a similar energy density to low-rank coals. Despite an extensive body of 
literature detailing the thermogravimetric analysis (TGA) of hydrochar under slow pyrolysis and oxidation, there 
remains a limited understanding of hydrochar’s behavior in realistic combustion settings. In this work, we 
integrate combustion experiments and TGA to understand the combustion characteristics of a model hydrochar 
fuel. Cellulose-based hydrochars produced at different temperatures along with solvent-extracted chars are tested 
in a Hencken burner across varying temperatures and oxygen concentrations in the oxidizer gas. Simultaneous 
CH* chemiluminescence, particle image velocimetry, and two-color pyrometry are used to measure ignition 
delay time and identify homogeneous/heterogeneous ignition mechanisms and combustion phases. Incorpo
rating TGA with combustion results shows that the ignition mode and combustion processes are strong functions 
of surrounding gas temperature and oxygen mole fraction. The level of carbonization of the hydrochar dictates 
the ignition delay time and combustion modes. Further, the presence of a tar-like secondary char on the as- 
carbonized hydrochars leads to more rapid ignition due to high volatility.

1. Introduction

World-wide decarbonization pledges are driving a shift towards 
renewable biomass-based fuels for clean power generation and indus
trial processes [1]. Hydrothermal carbonization (HTC) is a promising 
method to upgrade wet residual biomass into energy-dense carbona
ceous hydrochar (HC) by treating the biomass in a subcritical aqueous 
environment under high pressure and temperature [2]. Despite its 
widely touted use as a solid fuel, little is known about the fundamental 
combustion characteristics of HCs. While the fuel scientists that produce 
these fuels often discuss their combustibility, such statements are usu
ally supported only by higher heating value measurements and slow 
heating rate thermogravimetric analyses (TGA). This study is one of the 
first to explore ignition delay time and combustion modes of HCs using a 
Hencken burner with several simultaneous diagnostics. The combustion 
experiments are analyzed alongside TGA data to develop unique 
cross-disciplinary methods to quantify the combustion performance of 
these renewable solid fuels.

Depending on HTC process conditions, the resulting HCs can 
resemble a lignite or even high-volatile bituminous coal [3]. Typically, 
HC has a higher fixed carbon content, higher energy density, higher 
ignition temperature, more stable flame, and lower ash content than 
unprocessed biomass. As such, HC has fewer and less severe potential 
self-ignition hazards than raw biomass [4,5]. These beneficial properties 
are a result of the biomass being transformed via deoxygenation, 
dehydration, and decarboxylation reactions that intensify with severity, 
which is defined as the residence time in and temperature of the reactor 
[6]. HC forms via two pathways: (1) solid-solid conversion, in which the 
HC maintains some structure and morphology of the parent biomass – 
this phase is referred to as primary char (PC); and (2) degradation of the 
biomass into the aqueous phase followed by partial polymerization of 
organic molecules back onto the solid phase [7] – this phase is called 
secondary char (SC). SC is often identified as amorphous microspheres 
on the surface of the PC and is comprised mainly of volatile and 
semi-volatile organic compounds [8]. SC can be recovered using thermal 
or solvent extraction and thus its yield varies depending on the 
composition and extraction method. For solvent extraction, yield is 
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quantified as the mass fraction of the HC that can be dissolved (or sus
pended) into organic solvents [9]; while polar and non-polar solvents 
maximize the extraction of polar and non-polar compounds in the SC, 
respectively [10]. Both feedstock and, particularly, reaction tempera
ture influence HC properties and the yield and composition of SC [5,11,
12,9,13–16]. For example, increasing the HTC temperature and resi
dence time increases the fixed carbon content as the biomass’ volatiles 
are partitioned into the aqueous phase. However, TGA studies show that 
while higher HTC temperatures produce HC with more fixed carbon, 
such HCs also exhibit higher thermal reactivity. This property is 
attributed to the volatile SC deposited on the HC during HTC. Solvent 
washing (extraction) HCs can remove the volatile SC to produce a solid 
material (PC) that more closely mimics coal behavior [3,17]. Besides 
shifting PC properties towards those of a coal, solvent extraction enables 
the recovery of SC, a liquid fuel precursor [18,19].

Despite the growing popularity of HTC, there are limited studies on 
direct combustion of HC, considered as a renewable biofuel [20–24], 
and none, to the authors’ knowledge, that investigate the impact of SC 
on HC combustion. However, a substantial body of literature exists on 
pulverized carbonaceous solid fuel and raw biomass combustion, 
exploring the effects of particle size, fuel rank, oxidizing atmosphere, 
diluent agent, and surrounding gas temperature on combustion time
scales, ignition temperature, and ignition modes [25–33]. The results of 
these studies inform the interpretation of the combustion experiments of 
HCs. In general, combustion experiments of solid fuels showed that 
higher co-flow temperature and O2 concentration result in lower igni
tion delay time, volatile burnout time, char burnout time, and ignition 
temperature [25–33]. In the present study, we vary fuel carbonization 
level, O2 mole fraction, and surrounding gas temperature to understand 
the impact on combustion behaviors of HCs and PCs.

In general, there are three different modes of particle ignition: ho
mogeneous ignition, where ignition first occurs in the gaseous volatiles 
released from the solid fuel; heterogeneous ignition, where ignition first 
occurs on the surface of the solid fuel; and a mixed ignition mode, where 
both solid- and volatile-phase ignition occurs simultaneously. The 
ignition mechanism depends on both the flammability limit of the 
released volatiles and the relative timescales of particle surface heating 
to volatile release [28,34–36]. Several studies have been carried out to 

determine the ignition mechanism of both isolated particles [31,37–41] 
and a stream of particles [28,35,36]. Ambient temperature, O2 con
centration, volatile matter, and particle size are the major parameters 
that affect reaction kinetics and thus determine the ignition mechanism 
of solid fuel particles. Coal particles typically ignite homogeneously 
under high temperature and low O2 concentration for larger particles, 
and they ignite heterogeneously at low temperatures and high O2 con
centration for smaller particles. The earlier release of volatiles with 
higher ambient temperature limits O2 diffusion to the surface due to the 
formation of a volatile layer and leads to homogeneous ignition of 
gaseous volatiles. Homogeneous ignition is more likely to occur for 
lower rank solid fuels, which contain more volatile matter[28,35,42].

In this work, experimental combustion studies are combined with 
TGA to provide a deeper understanding of the ignition mechanism of HC 
and PC under various oxidizing conditions. TGA is routinely used by 
(bio)fuel scientists to study pyrolysis and slow oxidation of solid fuels; 
the renewable fuel literature is replete with TGA of HC [43–51]. These 
works collectively demonstrate TGA as a valuable tool for assessing the 
proximate content (volatile matter, fixed carbon, ash) of solid biofuels. 
They further show that derivative thermogravimetric analysis (DTG) can 
be used to determine the peak temperatures and reaction rates as solid 
fuels devolatilize or oxidize. Despite the vast majority of papers in the 
fuel science literature assessing HC “combustion” behavior via TGA 
[52–54], there is little evidence that TGA alone can conclusively assess 
of the suitability of a material as a fuel in true combustion environment. 
The major limitation of TGA is its inability to realistically mimic real 
combustion conditions because the TGA heating rates (0.1–100 K/min) 
are orders of magnitude slower compared to rapid heating conditions in 
real combustors (~105 K/s) [55]. Studies report conflicting trends when 
relating oxidation reactivity under slow TGA heating rates to rapid 
heating conditions in real combustion processes [56–58]. Conflicting 
results are attributed to the transport process being primarily 
kinetically-controlled in TGA versus being diffusion-controlled in com
bustors [59–61]. Under the slower heating rates of TGA, particles may 
devolatilize more slowly; many TGA studies demonstrate the depen
dence of pyrolysis reaction rates on heating rate [62]. Further, TGA lacks 
the fluid-dynamic interactions that are important in combustion sce
narios, including particle-to-particle interactions and fluid-chemical 
coupling, such that extrapolation of reactivity parameters found from 
TGA to combustion scenarios is difficult. Hence, it is useful to assess HC 
combustion behavior under rapid oxidative environment alongside TGA 
to develop deeper insight into its fundamental combustion character
ization, which is one of the major goals of the present work.

In this paper, we discuss the impacts of co-flow temperature, O2 mole 
fraction, fuel rank, as well as the intervening role of SC on ignition delay 
time, ignition mode, and combustion behaviors of cellulose-derived 
HCs. Previous work from the literature suggests that the SC could 
have an important effect on the ignition of these materials due to its 
higher volatility and chemically reactive composition. Further, it has 
been well established in the solid fuel literature that fuel rank has a 
significant effect on both ignition and burnout processes, but this de
pendency has not been studied for materials synthesized using HTC. As 
such, the goal of this work is to provide an understanding of the 
fundamental ignition and combustion modes that govern the combus
tion of these promising fuels. The interpretation of combustion data is 
supported through the use of TGA and DTG analysis, which provide 
detailed information about the thermal stability and oxidation processes 
of these materials.

2. Materials and methods

2.1. Synthesis, extraction, and characterization of HCs

HCs were synthesized from cellulose, chosen as it is a well- 
characterized model biomass whose HCs have also been well- 
characterized using TGA [63,64]. Microcrystalline cellulose, sourced 

Nomenclature

CLS Raw cellulos
DTG Derivative thermogravimetry
FC Fixed carbon
HC Hydrochar
HC220 As-carbonized hydrochar synthesized from cellulose by 

HTC at 220◦C
HC250 As-carbonized hydrochar synthesized from cellulose by 

HTC at 250◦C
HHV Higher heating value [MJ/kg]
HTC Hydrothermal carbonization
PC Primary char
PC220 Primary char produced from solvent extraction of 

HC220
PC250 Primary char produced from solvent extraction of 

HC250
SC Secondary char
Tad Adiabatic flame temperature [K]
TGA Thermogravimetric analysis
VM Volatile matter
u Velocity [m/s]
x Downstream distance [m]
τig Ignition delay time [sec]
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from Alfa Aesar, was hydrothermally carbonized at two temperatures, 
220◦C (HC220) and 250◦C (HC250), using the HTC procedure outlined 
in our prior work [19]. Briefly, cellulose (15% biomass/water ratio) was 
held at 220◦C or 250◦C for 1 h in a 1 L stirred stainless steel reactor (Parr 
Instrument Company, 60% filled volume, initially pressurized under 5-6 
bar N2), before quenching with ice and water to 70◦C, upon which the 
reaction was considered complete. HC yield percentage showed high 
reproducibility between tests (standard deviation <1%). Manual solvent 
extraction of HC220 and HC250 was used to separate SC from PC 
samples (PC220 and PC250, respectively). In triplicate, 0.9 g HC was 
submerged in 30 mL ethanol (ACS grade, ThermoScientific) in glass 
scintillation vials and shaken at 150 rpm for 3 h. The SC, now dissolved 
in the solvent, was recovered by vacuum filtration, leaving solid PC. 
Individual PC yields following extraction were generally within 5% of 
the mean PC yield.

Both as-carbonized HC and extracted PC, shown in Fig. 1, were 
ground and wet sieved to a 25-37 µm fraction. Particle size distributions 
are measured using a Microtrac particle size analyzer, results of which 
are shown in the supplementary material. Different levels of carbon
ization of both HCs are evident from the color differences of materials. 
While HC220 was medium brown, HC250 was nearly black. HC250 had 
a slightly oily texture, which became drier and more powder-like after 
SC extraction. The extraction had negligible effects on color; HCs looked 
visually similar to their PC counterparts, particularly for the 250◦C 
sample.

2.2. Physicochemical analysis of HC, PC, and SC

Proximate analysis, oxidation behavior, and solid distillation curves 
were obtained using a TGA 650 Thermogravimetric Analyzer (TA In
struments). Proximate analysis and oxidation reaction curves were 
performed according to our prior work [63]. For proximate analysis, the 
sample was heated under an N2 atmosphere at 383 K until a constant 
mass was achieved to remove residual moisture, then heated to 1173 K 
and held to quantify volatile matter released, and then heated to 1223 K 
under air to oxidize the fixed carbon, leaving ash. For oxidation studies, 
the atmosphere used was air. After drying the sample at 383 K, the 
temperature was ramped at three rates (10 K/min, 50 K/min, and 100 
K/min) to 1123 K and held until constant mass was obtained. Solid 
distillation began with a ramp to 383 K at 10 K/min under 25 mL/min 
N2, where it was held for 30 min. The temperature was then ramped at 
100 K/min to 473 K, held for 30 min; this ramp and hold procedure was 
repeated at 573, 673, 773, and 873 K. After that, the flow gas switched to 
air and the temperature was ramped at 50 K/min to 1223 K, held for 30 
min to leave ash, and data collection ended. Details of the temperature 
ramp for the distillation curves are plotted with the data. All 

thermogravimetric data analysis was performed using an in-house 
open-source Python package “tga-data-analysis” v2.2.0, available on
line [65].

Elemental (C, H, N, O) analysis of cellulose, HCs, and PCs was per
formed using a CE-440 Elemental Analyzer (Exeter Analytical) equipped 
with an autosampler. The calibration was performed using Sulphanila
mide samples, as per the manufacturer instructions. Samples were 
triplicated.

SC was analyzed using a Shimadzu GC 2010 Plus Gas 
Chromatograph-Mass Spectrometer with a Restek Rtx-5Sil MS 30 m 
fused silica column. The ethanol containing the SC was dried under 
vacuum, then reconstituted with dichloromethane. The GC-MS method 
entailed five pre-run solvent rinses of the injector needle, three with 
sample, and five post-run. The ion source temperature was 230◦C, 
interface temperature was 320◦C, and injection temperature was 280◦C. 
Column oven temperature started at 40◦C, ramped to 300◦C at 5◦C/min, 
held for 5 min, then ramped to 250◦C at -20◦C/min, where data 
collection stopped. Solvent cut time was 6 min and event time (scan 
period) was 0.4 s. Identified compounds were quantified using an in- 
house calibration of 88 standard biofuel compounds. Compounds not 
within our calibration were quantified using the closest calibrated 
compound by Tanimoto similarity (min = 0.4), a metric used in chem
informatics that compares compounds based on functional group 
composition. The open-source Python package used in the analysis is 
named “gcms-data-analysis” and is available online [66].

2.3. Combustion experiments

The combustion experiments were performed in a laminar, optically 
accessible Hencken burner (Fig. 2(a)), as was done in our previous study 
[63]. As such, only a brief overview of the experiment, diagnostics, and 
data analysis methods are provided here. H2 (2.65-3.72 slpm) and 
various O2/N2 (O2: 2.51-5.07 slpm and N2:11.81-15.09 slpm) mixtures 
served as fuel and oxidizer for the co-flow diffusion flame. Fuel particles 
were seeded through the fluidized bed using N2 as the carrier gas with 
flow rate of 0.38 slpm.

Fig. 2(b) shows an overhead schematic of optical diagnostics. A 
combination of CH* chemiluminescence imaging and particle image 
velocimetry (PIV) were used to measure ignition delay time. A flame 
streak of burning particles was formed once the solid fuels particles 
entered the post-combustion zone of the H2 flame. CH* chem
iluminescence images of the flame streak indicate the spatial extent of 
combustion. CH* emission was detected using a PI-MAX (Gen II) camera 
coupled with a 50 mm f /1.4 lens (Nikon AF NIKKOR) and a 430 nm 
bandpass optical filter (Andover Corporation, Bandpass Filter, FWHM 
10.0 nm). Camera gain and exposure time varied depending on the flame 
brightness at each operating condition to obtain an acceptable signal-to- 
noise ratio (~30) and avoid pixel saturation. To allow for comparison, 
the images were all corrected to the same intensity levels before anal
ysis. At each condition, 100 images with a spatial extend of 240 mm ×
240 mm are obtained. More details of the CH* imaging and image 
processing are provided in the supplementary material and our previous 
work [63].

To measure the ignition delay time, the results from the CH* imaging 
were combined with velocity fields collected from high-speed PIV, as in 
our previous work [63]. The PIV system consisted of a dual-cavity, 
diode-pumped, solid-state laser (Nd:YAG, Quantronix Hawk 
Duo-60-M/Rev.A at 532 nm) and a high-speed CMOS camera (Photron 
FASTCAM SA1.1) filtered with a 60 mm f/2.8 lens (Nikon AF Macro 
Nikkor). 5000 image pairs were acquired at 2.5 kHz and 1024 × 1024 
pixel resolution with an interpulse separation of 36 µs. The masked 
measurement domain spanned 120 mm × 36 mm. The velocity field was 
calculated using a multi-pass cross-correlation algorithm (LaVision 
DaVis 8.3) with interrogation domain sizes from 64 × 64 to 16 × 16 
pixels; for each pass, a 50% overlap was used, resulting in a vector 
spacing of 1.17 mm/vector. The estimated uncertainty of the Fig. 1. Images of ground and sieved hydrochar samples.
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time-averaged velocity field based on the correlation statistics in DaVis 
was 0.01-0.06 m/s in the jet core.

Ignition delay time, τig, is calculated as in Eq. (1), where x is 
downstream distance, x1 represents the ignition location, and u is time- 
averaged velocity. Ignition locations are determined based on the 
maximum gradient intensity criterion of the CH* signal. The details of 
this methodology, repeatability of measured data, as well as the un
certainty analysis are explained in detail in the supplementary material 
and in previous work [63]. 

τig =
∑i=x1

i=1

xi+1 − xi
ui

(1) 

Along with CH* chemiluminescence and PIV, a two-color pyrometry 
technique was used to identify the dominant ignition mode and identify 
regions where the solid particles were burning. The two-color technique 
measures the emitted radiation from the burning particles through two 
channels filtered in different wavelength bands [67]. The incandescence 
signal strength detected over these two separate spectral regions was a 
function of the temperature of the solid. By contrast, the CH* imaging 
measured signal from combustion of both gas-phase and solid-phase 
reactions. By using the CH* and two-color methods together, we can 
identify the regions where the solid is burning as regions with high 
two-color and CH* intensity. Regions with high CH* intensity but no 
two-color signal are indicative of gas-phase reactions.

The two-color pyrometry setup consisted of a high-speed CMOS 
sensor camera (Photron FASTCAM SA4) equipped with a 50 mm f/1.4 
lens (Nikon AF Nikkor) and a stereoscope with two optical band-pass 
filters at 680 nm and 800 nm. The stereoscope contains three 30 mm 
optics cages. The outer two side cages hold two identical dielectric 45◦

mirrors with the filters affixed to the front facing the burner. A leg- 
coated right-angle dielectric prism (MRA20L-E02, THORLABS) is 
embedded in the center cage. The emitted radiation coming from the 
heated particles passes through the two different filters and is reflected 
by the mirrors toward the prism. From there, the light beams are turned 
by the prism onto the camera sensor, creating two images of the particles 
at two different wavelength bands. An example of time-averaged images 
of the particles using this technique as well as a discussion of the 
repeatability of the measurements are provided in the supplementary 
material. In this study, the two-color technique is not quantitative, but 
instead used to determine the region of space where the solid phase of 
the fuel particles was burning. The combination of CH* 

chemiluminescence imaging and two-color pyrometry can reveal the 
dominant ignition mode and distinguish between combustion modes 
[68,25,35]. CH* chemiluminescence emission, produced through the 
reaction of hydrocarbons with an oxidizing atmosphere, arises from 
both heterogeneous and homogeneous reactions. The pyrometric signal 
from the two-color technique is present when heterogeneous reactions 
heat the particle enough to be detected in the wavelengths used for the 
techniques. As such, locations where both CH* and pyrometric signals 
are present are indicative of heterogeneous combustion and locations 
where CH* signal is strong but no pyrometric signal is present are 
indicative of homogeneous combustion. Finally, using the two-color 
imaging to determine particle temperature requires knowledge of the 
particle emissivity as a function of wavelength and temperature, which 
was not possible to obtain for this study. As is shown in Fig. 1, the colors 
of the particles are very different depending on the HTC conditions and 
also very different from coal, and so no assumptions were made about 
emissivity.

3. Results and discussion

3.1. Analysis of HTC product phases

HC was carbonized at 220◦C and 250◦C. At 220◦C, 80% of the 
feedstock remains in the solid phase (Table 1) as hydrochar. At 250◦C, 
the hydrochar yield was 50 wt% (feedstock basis), with the residual 
mass primarily partitioned into the liquid phase. These results are 
consistent with previous studies, as higher temperatures affect greater 
conversion to liquid and gas and 250◦C is around the transition point 
from HTC to hydrothermal liquefaction (HTL) [17].

Although HC yields decreased with temperature, HHV increased 
with temperature from 220◦C to 250◦C in HC (p < 0.0001, unpaired t- 

Fig. 2. (a) Schematic of combustion experiment, (b) an overhead schematic of simultaneous optical diagnostics.

Table 1 
Triplicate HTC yield results for HC, liquid, gas, PC and SC yields for the two 
investigated temperatures and HC and PC HHV, ± 1 standard deviation. Yields 
are all on a dry feedstock basis.

Sample HTC Temp 
[◦C]

Solid Yield 
[wt%]

Liquid Yield 
[wt%]

Gas Yield 
[wt%]

Solid HHV 
[MJ/kg]

HC220 220 80.3 ± 0.9 19.0 ± 1.0 0.7 ± 0.2 17.9 ± 0.1
PC220 220 58.8 ± 1.1 21.5 ± 1.1 19.3 ± 0.4
HC250 250 49.8 ± 0.7 45.4 ± 0.8 4.8 ± 0.2 27.9 ± 0.3
PC250 250 36.9 ± 1.8 12.9 ± 1.8 31.3 ± 2.4
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test) and PC (p < 0.001) samples (Table 1). For reference, the HHV of 
raw cellulose is 17.2 MJ/kg [43], and the increase in HHV for HC250 as 
compared to the feedstock was 62 %, compared to the 4 % increase seen 
after HTC at 220◦C. The increased severity of HTC at 250◦C enhances 
deoxygenation through decarboxylation and dehydration [69] and as 
oxygen increases a sample’s mass without greatly shifting its total 
heating value, its removal increases HHV. Extraction of SC resulted in a 
significant increase in HHV for the 220◦C samples (p < 0.005, HC220 
against PC220), with no statistically significant change for the 250◦C 
samples (p > 0.01, HC250 against PC250).

The proximate analysis in Fig. 3(a) shows that HC220 and PC220 
have slightly more fixed carbon than raw CLS, while the van Krevelen 
diagram (Fig. 3(b)) shows slight dehydrogenation and similar O/C ra
tios. By contrast, HC250 and PC250 have higher fixed carbon and 
elemental properties comparable to a bituminous coal, with a greater O/ 
C but lower H/C ratio [70,71].

In contrast to HTC temperature, the effect of solvent extraction on 
VM content was small. Notably, solvent extraction had opposite effects 
between the two sample types. For HC250, extraction significantly 
increased the fixed carbon content as it removed volatile matter (un
paired t-test, p < 0.0001), while for HC220, this difference was smaller 
(and insignificant, p > 0.1). As less carbonization occurs at 220◦C, the 
solid PC structure remains close to the linked glucose rings that make up 
the original cellulose. Compositional analysis of the secondary char, 
shown in detail in the supplementary material, explains these trends. 
The only detectable compound in the 220◦C SC was 5-hydroxymethyl
furfural (C6H6O3), a compound formed via the dehydration of sugars 
with an O/C ratio of 0.5 and H/C ratio of 1. Therefore, its removal in
creases the O/C ratio and decreases H/C ratio (Fig. 3). The primary 
component of 250◦C SC was levulinic acid (C5H8O3), with a higher O/C 
ratio of 0.6. However, a decrease in oxygen in the sample during this 
extraction was not observed likely due to the other long-chain fatty acids 
(LCFA) present in the SC (C18, C16, C15). However, as levulinic acid’s H/ 
C ratio was 1.6 and the LCFAs H/C were approximately 2, dehydroge
nation was observed. In sum, extraction of HC220 had minor effect, 
while extraction of HC250 increased carbon fraction.

3.2. Effects of variations in gas temperature on ignition mode of HC

Co-flow gas temperature and O2 mole fraction impact HC combus
tion processes to varying degrees. Temperature affects both 

devolatilization and gas-phase kinetic rates, while O2 mole fraction 
largely affects reaction kinetics in both the gas and solid phases [63]. In 
the present work, combustion behavior of HCs is assessed with the test 
matrix shown Table 2, where gas temperature and O2 mole fraction are 
controlled separately.

To determine these conditions, a thermochemical equilibrium 
calculation for H2 and a broad range of O2/N2 mixtures (O2 mole frac
tions of 0.1 – 0.9) with an equivalence ratio range of 0.05-1 was per
formed in Chemkin-Pro using the GRIMech 3.0 mechanism [72] to 
determine the adiabatic flame temperature and O2 mole fraction in the 
combustion products. The resulting conditions were limited by the 
operability limits of the Hencken burner but provide a broad range of 
temperatures and oxygen mole fractions at which to test the combustion 
processes of the HCs. All conditions were calculated such that the total 
mass flow of the co-flow and particles are constant, resulting in an exit 
gas velocity of 0.32 m/s.

First, the results of the experiments at constant oxygen mole fraction 
and varying temperature are considered. Fig. 4 shows the centerline 
intensity curves of the flame streak extracted from time-averaged CH* 
images along the downstream direction for HC220 for temperatures of 
1329-1706 K with a constant O2 mole fraction of 0.06. The centerline is 
defined as the highest intensity location at each downstream distance 

Fig. 3. (a) Proximate analysis and (b) van Krevelen diagram for HCs and PCs. VM is Volatile Matter, FC is Fixed Carbon. In (b), raw cellulose and bituminous coal 
examples are included for context [73,74].

Table 2 
Combustion study test matrices.

Constant O2 mole fraction, varying Tad

φ Tad [K] O2 mole fraction
0.5 1329 0.06
0.52 1430
0.54 1527
0.56 1618
0.57 1645
0.58 1706

Constant Tad, varying O2 mole fraction

φ Tad [K] O2 mole fraction
0.7 1645 0.04
0.63 0.05
0.57 0.06
0.50 0.09
0.42 0.12
0.35 0.17
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and the intensity is calculated as the average of that pixel and the one on 
either side, which avoids issues related to pixel-to-pixel intensity vari
ation. The time-averaged CH* images for all cases are shown in the 
supplementary material.

Depending on the surrounding gas temperature, CH* profiles exhibit 
different shapes, which can be linked to the combustion mode. Over this 
temperature range, CH* intensity profiles display a transition from a 
unimodal to a bimodal shape. At the lowest temperature, 1329 K, the 
profile shows a single peak, similar to the cellulose profiles in our pre
vious work [63]. At 1430 K, a subtle shoulder downstream of the peak is 
discernable, which becomes more pronounced as the temperature in
creases. Profiles with these two features suggest two different combus
tion modes; similar intensity profiles were also observed in previous 
studies of both single particle ignition and streams of particles [28,36]. 
These previous works showed that the first peak is the result of gas-phase 
ignition of volatiles and the second peak is the result of heterogeneous 
combustion of the char residue. To further explain the combustion mode 
distinction, two-color pyrometry is used. Fig. 5 shows the pyrometric 

signals superimposed with the CH* intensity profile along the centerline 
for the 1618 K and 1706 K conditions. At these conditions, the pyro
metric signals peak at the region of the second phase of CH* profile, 
indicating homogeneous ignition.

To better understand the source of the volatiles that drive the initial 
ignition, we repeat a subset of the combustion experiments with 
extracted HC, which consists of only the PC and not the SC. Given sample 
size limitations, two conditions are considered: the baseline, Tad=1645 
K, O2=0.06, and a higher temperature and constant oxygen mole frac
tion, Tad=1706 K, O2=0.06. Fig. 6 shows normalized time-averaged CH* 
profiles for both HC220 and PC220 at (a) baseline and (b) the higher 
temperature condition. The time-averaged pyrometric profiles in Fig. 6
(c) and (d) are only presented for PC220 for reference.

Fig. 6(a) shows that SC removal delays ignition. At the baseline, the 
ignition delay times for HC220 and PC220 are 5.69 ms and 18.02 ms, 
respectively. Additionally, the second peak is less prominent. However, 
based on Fig. 6(c), the ignition mode is still homogeneous-dominant 
because the pyrometric signals align with the second CH* peak and 
not with the initial peak. The higher temperature case also showed a 
delayed ignition after SC extraction (from 7.30 ms to 22.60 ms), again 
with a homogeneous-dominant ignition mode based on the pyrometric 
data shown in Fig. 6(d). Further insight into the impact of the secondary 
char on ignition comes from DTG profiles for HC220 and PC220 ob
tained under inert and oxidative atmospheres at a heating rate of 10 K/ 
min, as shown in Fig. 7. DTG curves of oxidation at 50 and 100 K/min 
heating rates are shown in the supplementary material.

The DTG curves for both as-carbonized (HC220) and primary 
(PC220) hydrochars suggest two different decomposition modes. The 
DTG profile of the inert condition for HC220 consists of only one peak 
related to a significant pyrolysis of HC, which occurs around 600 K. 
However, under an oxidative atmosphere three peaks can be seen. A 
very small peak around 500 K is only seen for HC220 under an oxidative 
atmosphere and is likely the devolatilization and subsequent oxidation 
of the SC, since the same peak is absent both for the pyrolysis of HC 
(Fig. 7a) and the pyrolysis and oxidation of PC (Fig. 7b). Elemental 
analysis shows a more carbonized PC compared to the HC, indicating 
that SC contains more oxygenated and hydrogenated compounds that 
volatilize at lower temperatures. This is supported by the analysis of the 
primary components of the SC from HC220 and HC250 being 5-hydrox
ymethylfurfural (C6H6O3) and levulinic acid (C5H8O3), respectively. The 
DTG peak between 600-650 K (the tallest) is the result of pyrolysis re
actions of the volatile matter in the HC. This peak is present in both the 
pyrolyzing (N2) and oxidizing (air) atmospheres at essentially the same 

Fig. 4. Time-averaged centerline intensity profiles for HC220 at different Tad 
under O2/N2 environment while O2 mole fraction is constant.

Fig. 5. Time-averaged pyrometric signals superimposed with CH* intensity of HC220 (a) Tad =1618 K and O2=0.06 (b) Tad =1706 K and O2=0.06.
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temperatures, indicating that this peak is due to pyrolysis more so than 
oxidation. Following the initial devolatilization, the volatiles likely 
oxidize in air, but that would not be reflected in the TGA signal. The 
peak between 750-800 K shows the oxidation of the fixed carbon, as it is 
only present in the oxidative atmosphere for both HC and PC.

CH* and two-color pyrometry results suggest a homogeneous igni
tion of volatiles followed by a burn-out of the remaining solid phase. 
Removal of the SC results in delayed ignition, suggesting that the SC 
devolatilizes more quickly than the PC and provides volatiles for ignition 
earlier in the process. DTG results show the same role of the SC in 
devolatilization due to their lower devolatilization temperature. Finally, 
at low temperatures, a single combustion mode is observed in the CH* 
data, whereas the solid-phase burning is evident in both the second CH* 
peak and two-color pyrometry signals at temperatures of 1430 K and 
above. The low-temperature behavior at 1329 K is very similar to the 
CH* profiles seen for cellulose in our previous work [63], which suggests 
that HC220 and raw cellulose behave in a very similar manner. Indeed, 
HC220 is only slightly more concentrated in elemental carbon than 
cellulose, as shown in Fig. 3(b), and it shows a very similar DTG profile 
to cellulose, suggesting a similar devolatilization process. The only dif
ference in the DTG profiles is the presence of a small peak around 800 K 

that is not present in the inert atmosphere, attributed to the level of 
carbonization that is present in HC220 and the remaining fixed char.

The same test matrix and analysis is applied to HC250, which is 
significantly more carbonized. Time-averaged centerline CH* profiles 
for HC250 at different ambient temperatures are shown in Fig. 8. The 
full time-averaged CH* images for these cases are provided in the sup
plementary material.

Over this temperature range, all CH* profiles are clearly bimodal. 
However, as the temperature increases, the relative amplitude of the 
first and second CH* signal peaks change. At 1430 K and above, the 
second peak is higher than the first one. The first peak likely indicates 
the ignition of volatiles, while the second one is the burning of the 
condensed phase. To confirm this hypothesis, Fig. 9 shows the time- 
averaged pyrometric signals with their corresponding CH* profiles for 
two cases: 1527 K and 1618 K. The remaining cases are similar and 
presented in the supplementary material. In all cases, the pyrometric 
signals align with the second peak of the profile, indicating that the 
initial peak is indicative of volatile ignition and the second peak is 
indicative of char combustion.

Increasing HTC temperature from 220 to 250◦C increased hydrolysis 
and the condensation of water soluble molecules in the form of SC [17]. 

Fig. 6. Normalized time-averaged CH* intensity profiles for (a) HC220 and PC220 at Tad=1645 K, O2=0.06, (b) HC220 and PC220 at Tad =1706 K, O2=0.06. Time- 
averaged pyrometric signals for PC220 (c) at Tad =1645 K, O2=0.06, (d) at Tad =1706 K, O2=0.06.
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To understand SC role on volatile ignition for HC250, Fig. 10 compares 
normalized time-averaged CH* profiles at two conditions: a baseline, 
Tad=1645 K, O2=0.06, and higher temperature condition, Tad=1706 K, 
O2=0.06. The time-averaged pyrometric profiles in Fig. 10(b) and 
Fig. 10(d) are presented for PC250.

For the baseline case, in the CH* profile of PC250, the first peak 
related to the volatile combustion phase disappeared, most likely due to 
the absence of SC, which would contribute to volatile combustion and 
result in a bimodal shape. Ignition delay times at the baseline condition 
for HC250 and PC250 are 9.77 ms and 9.84 ms, respectively. The higher 
temperature case shows the same trend, except ignition is slightly 
delayed after SC extraction and is 7.21 ms and 9.45 ms for HC250 and 
PC250, respectively. It suggests that extraction of SC only has a minor 
impact on ignition delay time. After SC extraction, the ignition mode 
remains homogeneous-dominant for both baseline and higher 

temperature cases. Additional information comes from the DTG curves 
for HC250 and PC250 under inert and oxidative atmospheres, as pre
sented in Fig. 11. DTG curves of oxidation at higher heating rates of 50 
and 100 K/min are shown in the supplementary material.

HC250 and PC250 show similar decomposition behavior in both 
nitrogen and air atmospheres, with the exception of the presence of a 
first peak at 450 K of the HC250 case. This peak is attributed to the 
presence and subsequent devolatilization (and oxidation of volatiles) of 
SC. The HC and PC decomposition strongly depends on the gas atmo
sphere. For HC250, the initial peak at 450 K represents SC, whose 
surface-coating volatiles devolatilize at lower temperatures. This peak is 
missing in PC250, as the SC was extracted. In the inert atmosphere, both 
HC250 and PC250 show a peak around 700 K corresponding to pyrolysis 
of volatile matter. Under an oxidative atmosphere, HC250 and PC250 
show two large peaks around 600 and 800 K, roughly attributed to 
oxidation of volatile matter and fixed carbon, respectively. The differ
ence between inert and oxidative atmospheres indicates that oxidative 
reactions may enhance VM devolatilization at lower temperatures 
(potentially through enhanced energy due to oxidation), while PC 
degradation is mainly oxidation driven. DTG data shown in Fig. 11(b) 
show that the first peak attributed to the SC in Fig. 11(a) no longer 
appears, due to SC extraction. In CH* profiles of PC250, the first peaks 
associated with volatile combustion don’t exist, which implies that for 
HC250, the initial ignition is driven by SC and, based on pyrometric 
data, the ignition mode remains homogeneous-dominant after SC 
removal (see Fig. 10(c) and (d)).

The difference in the level of carbonization between HC220 and 
HC250 has clear effects on the HC behavior in combustion and TGA 
experiments. The difference can first be seen in the change in the igni
tion delay time as a function of temperature, which is shown in Fig. 12, 
where the error bars represent the uncertainty of the measurement 
explained in detail in the supplementary material. For both materials, 
the ignition delay time decreases with increasing temperature until 
temperatures above 1600 K, where the trend plateaus. In the lower 
temperature ranges, the ignition delay time of the HC220 is less than 
that of the HC250.

These differences in ignition delay time and combustion behavior 
between the two materials can be linked to the level of carbonization 
and the impact that carbonization has on devolatilization and ignition 
processes. To better understand these differences, comparison between 
the DTG curves of the two materials, HC220 in Fig. 7 and HC250 in 
Fig. 11, is instructive. Starting with the DTG curves in the inert 

Fig. 7. DTG curves for (a) HC220 and (b) PC220 in a pyrolytic and oxidative atmosphere.

Fig. 8. Time-averaged centerline intensity profiles for HC250 at different Tad 
under O2/N2 environment while O2 concentration in combustion product 
is constant.
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Fig. 9. Time-averaged CH* and pyrometric signals for HC250 for (a) Tad=1527 K, O2=0.06 and (b) Tad=1618 K, O2=0.06.

Fig. 10. Normalized time-averaged CH* intensity profiles for (a) HC250 and PC250 at Tad=1645 K, O2=0.06, (b) HC250 and PC250 at Tad=1706 K, O2=0.06. Time- 
averaged pyrometric signals for PC250 (c) at Tad=1645 K, O2=0.06, (d) at Tad=1706 K, O2=0.06
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atmosphere, the main peak shrinks in height (see y-axis range in plots) 
and shifts to a higher temperature 700 K for HC250 as compared to 
HC220. The second peak corresponds to volatile oxidation, seen for both 
HC220 and HC250, and has a lower intensity for HC250, which is 
consistent with its lower volatile content. The small peak near 800 K in 
HC220, indicating char burnout, is the major peak for the oxidative DTG 
curves of HC250 due to its increased carbonization.

The differences in devolatilization due to the interplay between SC 
extraction and the level of carbonization are shown in the materials’ 
solid distillation curves in Fig. 13. Temperature profile and DTG curves 
are shown in Fig. 13(a), while the mass loss at each step (indicated by its 
maximum temperature) is shown in Fig. 13(b). Six materials are shown: 
raw cellulose, cellulose put through the same extraction process as the 
HCs, HC220, PC220, HC250, and PC250. Significant differences be
tween the as-carbonized and extracted HCs, as well as between the two 
different HCs, are evident in this analysis.

Each temperature step of the distillation process reveals differences 
between the materials. Only HC220 and HC250 show a mass loss of 

~4–5 % at the first temperature of 495 K, due to devolatilization of the 
SC. The second step (579 K) shows the impact of HTC temperature on the 
stability of HCs and PCs: HC220 and PC220 show more devolatilization 
than untreated cellulose, while HC250 and PC250 show considerably 
less mass loss [17]. This difference suggests that HTC at 220◦C can break 
the cellulose structure, but is not enough for significant repolymeriza
tion of aqueous compounds into a more stable, likely aromatic phase, 
which instead clearly happens at 250◦C. The third step (678 K) likely 
involves breaking glucose chain fragments in the cellulose and is the 
only step where raw cellulose has greater losses than the other feed
stocks [63,73]. Steps at 777 and 876 K show the importance of reaching 
250◦C during HTC to form a stable carbonaceous core, and peaks are 
only significantly different for HC250 and PC250. After the last step of 
distillation, the atmosphere was switched from inert (N2) to oxidative 
(air), and the step mass losses agree with our proximate analysis in terms 
of fixed carbon content remaining in the different samples.

Interestingly, the effect of ethanol extraction is not simply that of 
removing the most volatile components from the solid surfaces (see the 
peak at 495 K). For unreacted cellulose and HC220, ethanol extraction 
decreases the peak at 678 K in favor of the one at 579 K. This result 
suggests that ethanol can (partially) break the unreacted cellulose 
structure but cannot do the same for the more carbonaceous core formed 
through HTC at 250◦C.

3.3. Effects of variations in oxygen mole fraction on ignition mode of HC

The second test matrix (Table 2) holds the ambient temperature 
constant while the oxygen mole fraction varies between 4% and 17%. 
These variations in oxygen mole fraction are expected to have little ef
fect on the devolatilization process but have a significant impact on both 
the gas- and condensed-phase chemical kinetics. Given the key role that 
devolatilization plays in the ignition process, as illustrated by the pre
vious test matrix, this test matrix will provide a way to better probe 
kinetic impacts of HTC severity and extraction. Fig. 14 shows the time- 
averaged CH* centerline intensity signals of these cases for both as- 
carbonized HCs. All time-averaged CH* images of both HC220 and 
HC250 are presented in supplementary material.

The CH* profiles for HC220 and HC250 show a change in shape as O2 
mole fraction increases, implying that ignition process and combustion 
modes are sensitive to oxygen mole fraction. By elevating the O2 mole 
fraction, profiles of CH* shift from a unimodal to a bimodal shape. To 
provide further clarification on combustion mode transition, the 

Fig. 11. DTG curves for (a) HC250 and (b) PC250 in an inert and oxidative atmosphere at 10 K/min.

Fig. 12. Ignition delay at different Tad and constant O2 mole fraction for HC220 
and HC250.
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pyrometric data is plotted with the CH* intensity profiles for key cases of 
HC220 and HC250 are depicted in Figs. 15 and 16, respectively. The 
remaining cases are presented in the supplementary material.

Based on these combined diagnostic results, HC220 experiences a 
homogeneous-dominant ignition at low O2 concentration, as evidenced 
by the delay in the pyrometric signal as compared to the CH* signal. In 
these cases, sufficient O2 is not available in the proximity of the particles 
for significant heterogeneous reactions. This burning mode is similar to 
the results at the same condition for cellulose discussed in our previous 
work [63]; companion chemical analysis indicated that ignition of vol
atile matter at these conditions is very weak due to the very low con
centrations of O2. As O2 mole fraction increases, kinetic rates for the 
ignition of volatiles increase, leading to earlier ignition. Further, the 
combustion of the volatiles heats the particles, leading to more volatile 
release and faster burning. This behavior is similar to that seen in the 
DTG results, where the oxidation of HC220 is accelerated by the 

devolatilization and subsequent oxidation of SC at lower temperatures. 
At an O2 mole fraction of 0.05, particles undergo a transition to a 
bimodal combustion mode and the char phase of combustion is intense 
enough to be registered in the CH* imaging. The same result is seen for 
mole fractions of 0.06 and 0.09. The alignment of the pyrometric signal 
with the second peak of the CH* signal in Fig. 15(b) is further evidence 
of this combustion mode. At higher levels of oxygen mole fraction (0.12 
and 0.17), the CH* profile and the pyrometric signal have a similar 
shape, where the CH* shows a small shoulder at the beginning of the 
ignition process and the pyrometric signal is only slightly delayed from 
the CH* profile. At these conditions, the amount of O2 in the vicinity of 
particles is likely sufficient to ignite both the volatiles and the 
condensed-phase fuel at approximately the same time. The more 
prominent heterogeneous reaction at higher O2 levels is evident from a 
broader coverage between the peak region of the pyrometric signals and 
CH* profile.

Fig. 13. Solid distillation TG curves (a) and relative mass loss at each temperature step (b) for raw cellulose, ethanol extracted raw cellulose, HCs, and PCs. Curves 
are on a dry basis. Error represents standard deviation (of triplicates for mass losses, of samples for temperature).

Fig. 14. Time-averaged centerline intensity profiles for (a) HC220 and (b) HC250 with varying O2 mole fraction at a Tad = 1645 K.
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HC250 also displays a transition in behavior with oxygen mole 
fraction. The CH* profiles at the two lowest O2 mole fractions (0.04 and 
0.05) have a slight shoulder downstream of the first peak. This two-stage 
combustion behavior is more prominent in the HC250 than in the 
HC220, likely because of the higher level of carbonization and resulting 
slower devolatilization. The two-stage combustion is further supported 
by the significant delay between the CH* and pyrometric signals, as seen 
in Fig. 16(a) for an oxygen mole fraction of 0.04.

At oxygen mole fractions of 0.09 and above, however, the shape of 
the CH* profile changes significantly. At these conditions, a very small 
first peak is followed by a high-amplitude second peak. The pyrometric 
signals shown in Fig. 16(b) and .(c) essentially overlap with the CH* 
signals, indicating ignition of the condensed phase; it is not possible to 
tell if there is also ignition of the volatiles at the same time. These results 
are similar to those of the transition ignition model first developed by 
Annamalai et al. [42], which predicted the transition from homogeneous 
to heterogeneous ignition by increasing the O2 concentration. In this 
model, heterogeneous ignition happens when the rate of mass loss due to 
heterogeneous reactions surpasses the rate of release of volatiles. A 
critical mass loss rate is defined as the criterion for heterogeneous 
ignition, which is obtained by applying Semenov’s theory of thermal 

ignition to the energy equation that governs the particle heating rate in a 
hot oxidizing environment considering heterogeneous heat generation, 
heat of pyrolysis, conduction, and radiation heat transfer rates. This 
ignition mode transition from homogeneous to heterogeneous was 
further evidenced experimentally by previous studies [28].

The effect of SC on combustion behavior of HC220 and HC250 in 
atmospheres with varying O2 mole fraction is shown in Fig. 17. Fig. 17
(a) and .(b) show the CH* profiles of HC220, HC250, and their extracted 
chars at higher O2 mole fraction as compared to the baseline conditions 
shown in Figs. 6 and 10, respectively. At higher O2 mole fractions, 
HC220 and PC220 have almost identical shapes even though the 
measured ignition delay times are 7.84 ms to 23.48 ms, respectively. In 
this case the reason for the delayed ignition is due to the increased 
residence time of particles as a result of decreased particle fluidization, 
not because of any alteration in the ignition location or profile shape. 
CH* profiles suggest that the secondary char does not play as important 
a role in ignition at high-oxygen conditions as it does with variations in 
temperature, likely because changing the mole fraction of O2 does not 
significantly impact the devolatilization process of SC or PC. Comparing 
the shapes of HC250 and PC250 indicates that the SC does drive the 
initial ignition. At higher O2 concentrations, the ignition mode of PC250 

Fig. 15. Time-averaged pyrometric signals superimposed with CH* intensity of HC220 at (a) O2=0.04 and Tad=1645 K, (b) O2=0.06 and Tad=1645 K, and (c) 
O2=0.17 and Tad=1645 K.
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is heterogeneous-dominant, as indicated by the disappearance of the 
first small peak, likely because SC was removed, and the ignition was 
delayed from 10.52 ms to 15.54 ms.

Ignition delay times for both as-carbonized HCs as a function of 
oxygen mole fraction are presented in Fig. 18. In all cases, HC220 has a 
significantly shorter ignition delay time than HC250. However, the 
ignition delay times for both materials show an interesting trend with 
oxygen mole fraction. The ignition delay time first decreases then in
creases with oxygen mole fraction, where the minimum ignition delay 
time for HC220 is at an O2 mole fraction of 0.06 and the minimum 
ignition delay time for HC250 is at an O2 mole fraction of 0.12. This 
change in the ignition delay time dependence on O2 mole fraction is 
likely a result of the change in burning mode, as these trends align with 
the shape transitions of the CH* profiles in Fig. 15 and 16. In the first 
regime where ignition delay time decreases with increasing O2 mole 
fraction, the ignition process is homogeneous; in these cases, the ho
mogeneous ignition of hydrocarbon volatiles is promoted by higher O2 
concentrations. However, when the ignition mode starts to include 
significant contributions from heterogeneous ignition, the trend changes 
such that ignition delay time increases with increasing O2 mole fraction. 
A similar result was observed in previous works [28,42,74], which 
indicated that a sufficiently high O2 concentration can move the reaction 
zone of gaseous volatiles closer to the particle surface, which increases 

the heat loss from the reaction surface to the particle surface. This heat 
loss increases the ignition delay time. Further, the oxygen can reach the 
particle surface, where the homogeneous volatile flame is weak and 
heterogeneous reactions start to occur. Therefore, the ignition time may 
increase in high O2 conditions. These effects are exaggerated as the level 
of carbonization increases, where the increasing trend of ignition delay 
time with O2 mole fraction begins at higher level of oxygen concentra
tion probably due to lower reactivity of the condensed-phase in HC250. 
The lower reactivity of HC250 compared to HC220 is explained by the 
lower O/C atomic ratio of HC250, which is almost three times smaller 
than HC220 based on Fig. 3.

TGA-calculated ignition temperatures Ti-TGA (using oxidation curves 
obtained at 10 K/min with a threshold of 10 % of the maximum peak to 
identify Ti-TGA) showed similar values for HCs and PCs obtained at the 
same temperatures (~640 K for HC220 and PC220; ~570 K for HC250 
and PC250). The inverse trend of Ti-TGA (HC220 > HC250) with respect 
to ignition delay obtained in the Hencken burner (HC220 < HC250) 
suggests Ti-TGA might not be a good proxy for its combustion counter
part. However, we highlight the necessity of expanding this analysis to a 
larger sample set to draw definitive conclusions.

Fig. 16. Time-averaged pyrometric signals superimposed with CH* intensity of HC250 at (a) O2=0.04 and Tad=1645 K, (b) O2=0.06 and Tad=1645 K, and (c) 
O2=0.17 and Tad=1645 K.
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4. Conclusions

The combustion behavior of cellulose HC (produced at two temper
atures) and PC (extracted using ethanol) were investigated using a 
Hencken burner and coupled with thermogravimetric analysis. Com
bustion experiments used a unique combination of diagnostics to 
quantify ignition delay time and identify combustion modes. HC com
bustion processes depend on the volatile matter, ambient temperature, 
and oxygen concentration in the surrounding atmosphere. Less 
carbonized HC220, which contains more than 80 % volatile matter, ig
nites homogeneously even under low temperature regimes, exhibiting a 
transition from single-mode combustion to a double-mode combustion 
as temperature increases. The more carbonized HC250 and PC250, with 
around 50% volatile matter, showed a greater tendency towards het
erogeneous combustion. Oxygen has a more complicated effect on 
ignition and combustion modes, as HCs revealed combustion and igni
tion mode transition attributed to an increase in oxygen mole fraction. 
Despite it comprising a relatively small mass percentage of HC, (below 
30%) secondary char contributes significantly to the initial gas-phase 
ignition, leading to a faster ignition due to its low devolatilization 
temperature (under 495 K). These findings provide a fundamental 
foundation on which further studies of this promising biofuel can be 

built.
This study marks one of the first attempts to harmoniously charac

terize the ignition and combustion behavior of biomass-based hydro
chars from both fuel science and combustion science perspectives. The 
highly volatile secondary char has a significant impact on ignition delay 
times, which is mirrored in thermogravimetric observations. The com
bined use of combustion experiments and TGA provided critical infor
mation about the devolatilization processes, which are shown to be a 
rate-limiting step for the ignition of these fuels. Further, the level of 
carbonization, a result of the HTC process temperature, had a significant 
impact on the combustion mode, particularly the prevalence of hetero
geneous reactions. Lower HTC temperatures result in higher yields and 
lower levels of carbonization, resulting in somewhat similar combustion 
properties between the feedstock material and the hydrochar. Higher 
HTC temperatures result in lower yields but higher levels of carbon
ization. More testing of these fuels in realistic burner geometries and in 
comparison to a variety of solid fuels will provide better information 
about the suitability of these fuels for different solid-fuel combustion 
applications.

Fig. 17. Normalized time-averaged CH* intensity profiles for (a) HC220 and PC220 at Tad=1645 K, O2=0.12, (b) HC250 and PC250 at Tad=1645 K, O2=0.12. Time- 
averaged CH* and pyrometric signals for PC250 (c) at Tad=1645 K, O2=0.12.
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Novelty and significance statement

This is one of the first characterizations of the combustion behavior 
of hydrochar, a promising biofuel. The combustion experiments are 
designed to understand the relative importance of different rate-limiting 
processes, including solid fuel devolatilization and ignition. Further, 
highly coupled combustion experiments and thermogravimetric analysis 
are used to better understand the combustion behaviors of this fuel and 
the role of secondary char. This combined methodology provides a 
pathway for more thorough analysis of combustion behaviors of a wide 
range of renewable solid fuels.
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