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Understanding the suitability of different conversion technologies for different types of biomass feedstocks is
crucial in delivering the full valorisation of different types of biomass feedstocks. Optimal valorisation pathways
can be identified by investigating the formation of products and the most efficient application technologies of
these products. This is therefore novel research reporting an extensive comparative study on the biomass pro-
cessing pathways (hydrothermal conversion, pyrolysis, and torrefaction) for three distinct biomass feedstocks
(Rapeseed residue, Whitewood, Seaweed-Laminaria Digitata) to optimise char formation under a wide range of
processing conditions and their biofuel characteristics in the bioenergy applications. The results demonstrates
that Whitewood gradually decomposes during all three conversion processes to produce chars (hydrochars/
biochars) that have a lower O/C-H/C ratio as process temperature increases. The char formation from White-
wood follows the dehydration process in the Van Krevelen diagram. Char formation from Rapeseed residue and
L. digitata via pyrolysis also follows a similar dehydration and demethanation pathway at higher temperatures
(550 °C for Rapeseed residue and 400 °C for L. digitata). However, char formation from Rapeseed residue and L.
digitata via hydrothermal conversion predominantly follows the decarboxylation pathway producing structures
with a higher H/C ratio and lower O/C ratio. The intrinsic reactivity analysis of these chars showed that the
temperature of initial weight loss and the onset of ignition for the raw biomass sample was shifted to a higher
temperature for the chars produced by hydrothermal conversion or pyrolysis, regardless of biomass feedstocks.
The chars produced from Whitewood (with hydrothermal conversion, pyrolysis and torrefaction) and Rapeseed
residue (with pyrolysis) have a potential application in bioenergy production due to the significant enhancement
of char products. However, the chars produced from L. digitata appear less promising for bioenergy applications
due to relatively low energy yield, carbon recovery, inferior char structures and a high inherent ash content.

1. Introduction

Biomass can be an inexpensive, clean, and environmentally friendly
energy source. It is mainly composed of three major components —
hemicellulose, cellulose, and lignin [1-4]. With the potential to achieve
net negative emissions from bioenergy and biofuels, biomass is a
promising energy resource [5] that will continue to play an undeniable
role in the ‘net zero’ energy transition [6,7]. In 2019, 19.7% of the EU’s
energy consumption was supplied by renewable energy sources [8],
60% of which came from bioenergy [9]. The European bioeconomy is
now worth over €621 billion in added value benefits, representing 4.2%
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of EU GDP and employing 18 million people [10]. The demand for
bioenergy in the EU is expected to increase to 32% by 2030 due to en-
ergy and climate change strategies [5,9].

Biofuels (solid, liquid, and gas) are produced through the thermal
conversion of biomass feedstocks by utilising technologies such as hy-
drothermal conversion (carbonisation for hydrochar, liquefaction for
value-added chemicals, and gasification for syngas) [11-13], pyrolysis
(slow, fast, and flash for biochar, gas and oils) [14-16], and gasification
(for syngas) [17,18]. Biomass feedstocks must be utilised sustainably
and efficiently to prevent deforestation and other detrimental effects on
ecosystems such as loss of biodiversity/habitats [9]. For successful
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commercialisation of bioenergy and/or bioproducts, consideration of
numerous parameters is required, including biomass sourcing, differ-
ences in physical, chemical, and biological structures, cost-competitive
bioproducts, effective biomass refinery technologies, and a stable sup-
ply chain [19-23]. Understanding the suitability of different conversion
technologies for different types of biomass feedstocks is crucial in
delivering the full valorisation of different types of biomass feedstocks.
Optimal valorisation pathways can be identified by investigating the
formation of products such as solids (hydrochar/biochar), liquids (bio-
oil and biochemicals), and gases (potentially syngas) and the most
efficient application technologies of these products.

The European Biochar Foundation defines biochars/hydrochars as “a
heterogeneous substance rich in aromatic carbon and minerals” [24].
Biochars/hydrochars are stable, homogeneous solid fuels showing high
energy densities and calorific values compared to the original biomass
source [25,26]. Biochars/hydrochars are mainly produced by thermal
conversion technologies leading to changes in chemical compositions of
biomass [24,27]. Slow pyrolysis is one of the thermal conversion pro-
cesses to produce “biochar” by utilising relatively low temperatures (ca.
400 °C), slow heating rates (2-7 °C/min), and long residence times
(hours or days) under oxygen-free environments [16,21]. Hydrothermal
carbonisation (HTC) is another low-temperature process used to pro-
duce “hydrochars” at subcritical conditions (180-250 °C,15-40 bar)
[28,29]. In addition to these two technologies, biomass feedstocks can
also be converted into medium grade biochars (also called torrefied
biomass) via Torrefaction, which is a mild pyrolysis process conducted
at 200-300 °C under low-oxygen or inert atmospheres [25,30,31]. The
type of biomass feedstock and process conditions like temperature,
pressure, residence time, and heat transfer rate have a major effect on
the physicochemical properties of the produced biochar/hydrochar [24]
pore structure, surface area, carbon content and surface functional
groups [32,33]. The physicochemical properties of biochar/hydrochar
play a crucial role in defining the application of these chars in the most
efficient technology. Biochars/hydrochars could be used for agricultural
soil enhancement and have been shown to improve the nutrient reten-
tion capacity of soils [34,35]. Additionally, chars can be used to
immobilise contaminants (including heavy metals, dyes, and pharma-
ceuticals) from soil and wastewater [36-38]. Biochars/hydrochars can
also be used in renewable energy production via combustion [9,31,39].

As biochars/hydrochars show very different physicochemical prop-
erties based on the preparation technology and conditions used, char-
acterisation of these chars aids in identifying the most suitable
production method for the desired application ensuring maximum val-
orisation of the biomass and chars [11]. To understand the potential of
the biochar/hydrochar in energy applications, it is important to un-
derstand their chemical composition (C, H, O, N, and S) [11,40,41],
proximate analysis (volatiles, fixed carbon, and ash content) [40,41],
heating values, structural composition (hemicellulose, cellulose and
lignin) [42,43], combustion characteristics (kinetics and intrinsic reac-
tivity) [6,44,45], and the ratios of H/C and O/C [28,46]. The intrinsic
reactivity of biochar can provide relatively useful information such as
initial decomposition temperature, ignition temperatures, burnout
temperature, maximum weight loss rate, average weight loss rates,
combustion stability index and the comprehensive combustion index
[7,47-49]. Van Krevelen diagram is a graphical method to characterise
the source and maturity of organic matter by plotting atomic ratios of H/
C versus O/C [50]. The position (state) of chars on this diagram can also
provide information about the char structure and the impact of process
conditions on char formation. Furthermore, it can potentially identify
the char formation reaction path i.e. demethanation, dehydration, and/
or decarboxylation (some examples of Van Krevelen Diagram and re-
action paths are presented in Fig. Appendix A. in supplementary infor-
mation) [46,51].

Although a wide range of biofuels characteristics has been presented
for single type of biomass and biochars, there is a limited understanding
on comprehensively investigation of biochars/hydrochars produced by
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distinct biomass feedstocks via different thermal conversion technolo-
gies in bioenergy application. This is the first comparative study on how
the optimal holistic biomass processing pathways and process in-
terdependencies are influenced by feedstocks for the optimisation of
char formation and the subsequent bioenergy application of these chars.
The suitability of three distinct biomass feedstocks (Whitewood, Rape-
seed, and L. digitata) was investigated for char (hydrochar/biochar)
formation in three specific thermal conversion technologies; torre-
faction, pyrolysis, and hydrothermal conversion (subcritical conditions;
hydrolysis, carbonisation, and liquefaction) under a wide range of pro-
cessing conditions. This paper presents detailed bio-fuel characteristics
of the chars (biochars/hydrochars) based on the carbon recovery, en-
ergy densification, and energy yield of chars. Char structures were
identified by plotting the atomic ratio of H/C-O/C on the Van Krevelen
diagram. The effects of the thermal conversion processes and conditions
on char combustion behaviour were also investigated via intrinsic
reactivity analysis.

2. Material and methods
2.1. Feedstocks and char characterisation

The three feedstocks used in this study, Rapeseed residue (RS, source
of agricultural waste, supplied by the Bioscience Department of the
University of Nottingham), Whitewood (WW, made from sawdust resi-
dues from Northern Ireland, supplied by Brites), and Laminaria Digitata
(LD, UK sourced brown seaweed), were selected as they are all domes-
tically produced in the UK [2,52,53]. The biomass feedstocks (RS, WW,
LD) were ground into a powder and sieved into different particle sizes
(106-212 pm, 212-300 pm, 300-425 pm, 425-600 pm) in a sieve shaker
for 15 min according to EN ISO 17827-2:2016 [54,55]. Proximate
analysis of the raw biomass and prepared chars was performed in a TA-
Q500 using the procedure modified from the previous studies [2,56,57].
Furthermore, the elemental compositions (carbon (C), hydrogen (H),
nitrogen (N)) of the biomass feedstocks were determined using a LECO
CHN 628; oxygen (O) content was calculated by difference. Further
details of proximate and ultimate analyses conditions have been pre-
sented in previous studies [58]. Among eleven different Higher Heating
Value (HHV) correlations (presented in Table Al supplementary infor-
mation), the HHV correlation for each type of biomass feedstock was
identified with the lowest standard deviations between the experimental
and predicted HHV [59-61], as presented in Egs. (1)-(3).

HHV = 0.2949C + 0.8250H for Rapeseed @
HHY = —3.440+0.517(C+N) —0.433(H +N) for Whitewood )
HHY = 0.4373C — 1.6701 for L.Digitata 3

where, HHV is higher heating value (kJ/g), C is the carbon content of
biomass (wt%), H is the hydrogen content of biomass (wt%), N is the
nitrogen content of biomass (wt%).

The trace metals and major elements in biomass were measured
externally by Alfred H Knight company using the standard methods: ISO
BS EN 16968:2015 [62] and BS ISO 13605:2018 [63], respectively. The
trace metals in biomass were evaluated using the ICP-MS based on the
standard method ISO BS EN 16968:2015 [64]. Major elements in each
biomass were quantified by wavelength dispersive X-ray fluorescence
spectrometry (WD-XRF) of the ash based on the standard method BS ISO
13605:2018 [63].

2.2. Thermal conversion of biomass feedstocks

Hydrothermal conversion, pyrolysis, and torrefaction of WW, RS,
and LD was investigated using a lab-scale semi-continuous rig, shown in
Fig. 1. A detailed description of the process and the experimental
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Fig. 1. The process flow diagrams of a) the semi-continuous hydrothermal conversion unit [11,27], b) pyrolysis unit [65] and c) torrefaction unit.

conditions were presented previously [11,58].

Hydrothermal conversion of WW, RS, and LD was investigated at
100 °C (60-2600 psi) for low-temperature extraction, 200 °C
(800-3500 psi) for hydrothermal carbonisation, and 300 °C
(2000-3500 psi) for hydrothermal liquefaction for ~1.5 h. Approxi-
mately 5.0 g of each biomass feedstock was placed between two layers of
sieve mesh (100 pm) in the 316 L stainless steel reactor. The hydro-
thermal rig was pressurised using a downflow of 20 ml/min of distilled
water. The heat exchanger temperatures for up flow were then set to the
target temperature. Once the system had established at the desired
conditions, the up flow was then introduced to the reactor with a flow

rate of 20 ml/min. The liquid product stream was cooled to about
20-30 °C in a water-cooled heat exchanger, which was collected and
then stored in a freezer at —18 °C for further analysis. The hydrochars
were collected from the reactor and dried in an oven at 100 °C for
overnight. The chars produced by hydrothermal conversion was defined
as “hydrochar” through the manuscript. The pyrolysis tests were
investigated in a microactivity test unit [66,67] using the following
procedure; approximately 5.0 g of biomass feedstocks (RS, WW, LD)
were placed in a micro-activity reactor between two pieces of quartz
wool. The reactor was located in the tubular furnace, which was pre-
heated to 200 °C. The pyrolysis temperature was then increased to 300,
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400 and 550 °C (& 5 °C) with a heating rate of 20 °C/min and kept at this
temperature for 60 min under a Ny flow of 10 ml/min. The bio-oil
products were condensed in the liquid product receiver using a water-
ice bath, and the gas samples were collected in a 1.0 L gas sampling
bag. Experimental error was calculated using a series of experiments
carried out in triplicate. The biochars were collected after each experi-
ment and stored in a dry environment. Torrefaction of WW, RS, and LD
was also investigated in a horizontal tube furnace system using
following procedure; approximately 4.0 g of biomass feedstocks (WW,
RS, LD) were placed in a porcelain crucible. The crucible was then
placed in the middle zone of a quartz reactor, heated from ambient
temperature to the torrefaction temperatures of 220, 250 and 280 °C
with a heating rate of 10 °C/min under a N5 flow rate of 1.0 L/min and
the temperature was maintained at this level for 60 min. The porcelain
crucible was then removed and cooled to room temperature. The
experimental error was determined based on the triplicate of one set of
the experiments and results were presented with error bars representing
one standard deviation. The chars produced by pyrolysis and torre-
faction was defined as “biochar” through this manuscript. Char yield
(Gy) of hydrothermal conversion, pyrolysis, and torrefaction was
determined using (Eq. (4)) [68]. In order to optimise the char formation
and potential applicability of those chars in bioenergy production, en-
ergy densification (Ep), energy yield (Ey), and carbon recovery (Cg, dry
ash-free) were determined using the following equations (Egs. (5) to (7))

[6].

C, (wt.%) = a0 (4)

mEiomass.dry
HHVC/zar
Ep=— 5
v HHVB[omu:s ( )
* HHVChar

Ey wt.%) =Cy ———— 6

Y(W O) i HHVBi()ma.xs ( )
+ Cotar

Cr (Wt.%) = C," =" )
* Chiomass

where, mpjomass, dry i the dried weight of biomass (g) before thermal
conversion, Mchar, dry is the dried weight of char (g) after thermal con-
version of hydrothermal treatment, pyrolysis, and torrefaction.
HHVpjomas and HHV ¢y, represent the HHV (kJ/g) of biomass feedstocks
and chars. Cgjomas and Cchar represent the carbon content (dry ash-free)
of biomass feedstocks and chars.

2.3. Intrinsic reactivity analysis

Thermogravimetric characterisation, a common method of
measuring the intrinsic reactivity of biomass and char samples [48], was
used according to the following procedure; approximately 15-25 mg of
char (or raw biomass) was placed in a platinum pan. Each sample was
heated from ambient temperature to 900 °C with a heating rate of 10 °C/
min, under an airflow rate of 100 ml/min, to investigate the intrinsic
reactivity of char (and biomass). A derivative plot (dW/dt) provided
combustion characteristics for each char such as the initial decomposi-
tion temperature (Ti,), ignition temperature (Tjg), temperatures at the
peaks (Tpax), burnout temperature (T},), maximum weight loss rate
(DTGpay) and average weight loss rates (DTGmean)- In order to evaluate
the stability of chars produced by hydrothermal conversion, pyrolysis,
and torrefaction and the combustion properties, the combustion stability
index (Rw) and the comprehensive combustion index (CCI) were
determined by Egs. (8)-(9) [69].

DTGy .
Rw = —— 8.5875"10’ ®

ig 4 max
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 DTGrux DTG pean

ccl
T2 Tbo

)]

where, Rw and CCI represent the combustion stability index (wt%,/min.°
Cc? and comprehensive combustion index (wt%z/minz."CS), respec-
tively. Tig is the ignition temperature (°C), Tmax temperatures at the
highest peak (°C), Ty, is burnout temperature (°C), DTGpax and DTGpean
are the maximum weight loss (wt%/min) rate and average weight loss
rates (Wt%/min), respectively.

3. Results and discussions
3.1. Characterisation of feedstocks

The characteristics of these feedstocks have been presented previ-
ously [11,58]. However, the ultimate and proximate analyses of the
biomass feedstocks and biochars (hydrochars) are presented in Supple-
mentary section Table A2. A relatively wide range of trace and major
elements was found in the biomass feedstocks as seen in Table 1. These
inorganics can catalyse the thermal conversion process [70,71] and
combustion [40,66,72], while others increase the fouling tendencies
during combustion, decreasing combustion efficiency due to the high
heat transfer resistance [73]. WW and LD contain relatively high
amounts of Mn (~60 mg/kg) and As (~90 mg/kg), respectively. RS and
LD also contain relatively high Mn content, ~24 and ~ 13 mg/kg,
respectively and ~ 27-30 mg/kg of Zn. Additionally, the alkali and
alkaline metals (i.e., K, Na, S, Cl) impacts on ash chemistry and cause
slagging (due to the reactions of alkali metals with silica and produce
alkali silicates) and fouling (due to the reactions of alkali metals with
sulphur and produce alkali sulphates) [73]. Alkali silicates usually
soften and melt at the temperature ~ 700 °C and alkali sulphates can
deposited on the surface of reactor where the heat transfer significantly
decrease.

3.2. Thermal conversion of biomass feedstocks

Char yields from the thermal conversion of RS, WW and LD through
hydrothermal conversion (liquefaction (HTL), carbonisation (HTC) and
hydrolysis (HTH)), pyrolysis, and torrefaction are presented in Fig. 2.
The increase in the operating temperature of thermal conversion tech-
nologies decreases the char yield regardless of the technology. This is in
agreement with previous findings [74,75]. The decrease in char yield
can be attributed to the gradual thermal decomposition of biomass
structure as lignocellulosic biomass begins to carbonise at temperatures
above 180 °C [76-78] when the cellulosic and hemicellulosic polymers
disintegrate into monomers/oligomers [79]. The main biomass com-
ponents, hemicellulose, cellulose and lignin, gradually decompose with
the temperatures at 220-315 °C, 315-400 °C and at 160-900 °C,
respectively [16,56,80]. The extent of decomposition is significantly
affected by process conditions. In hydrothermal conversion technologies
(Fig. 2a), the temperature has a significant effect on char yield while
pressure appears to have a minimal impact on biomass solubility. Each
type of biomass contains a different proportion of water-soluble com-
pounds. WW and RS have less water-soluble content (~5-7 wt% and ~
20 wt%, respectively) compared to LD (~60-65 wt%) at the hydrolysis
conditions (HTH, 100-150 °C). When the temperature increases to
200 °C for the hydrothermal carbonisation (HTC, 200 °C), both RS and
WW demonstrate similar carbonisation levels with hydrochar yields of
~50 wt%, while LD provides relatively a low hydrochar yield (~10 wt
%). During hydrothermal liquefaction (HTL, 300 °C), all three biomass
feedstocks demonstrate about ~5-10 wt% char (or solid residue) yield
and a 90 wt%, or higher, liquefaction level. Torrefaction is a thermal
pre-treatment method converting raw biomass feedstocks into upgraded
solid biofuels (biochars) having greater energy density, and calorific
value compared to the original biomass feedstock [25,26]. Torrefaction
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Table 1
Trace and major element contents of biomass feedstocks analysed by ICP-MS and WD-XRF.
Trace element Unit ww RS LD Trace element Unit ww RS LD
Manganese Mn mg/kg 60.19 23.6 13.41 Lead Pb mg/kg 0.26 0.37 0.55
Copper Cu mg/kg 1.37 21.44 2.41 Tin Sn mg/kg 0.66 0.18 0.12
Zine Zn mg/kg 4.34 29.61 27.49 Cadmium cd mg/kg 0.13 0.08 0.12
Nickel Ni mg/kg 0.89 0.91 2.87 Antimony Sb mg/kg 0.10 0.11 0.10
Chromium Cr mg/kg 0.38 0.40 3.56 Cobalt Co mg/kg 0.16 0.15 0.29
Arsenic As mg/kg 0.20 0.10 89.88 Thallium TI mg/kg 0.10 0.10 0.10
Vanadium v mg/kg 0.26 0.12 1.41 Mercury Hg mg/kg 0.04 0.04 0.07
Major element Unit WW RS LD Major element Unit ww RS LD
CaO % 27.06 13.5 5.84 Si0y % 4.56 0.44 4.26
| ) % 18.56 9.84 27.87 Mn30,4 % 3.18 0.09 0.03
Na,O % 1.44 27.99 20 AIO3 % 1.08 0.31 0.89
P,05 % 4.98 17.99 1.2 Fey03 % 1.78 0.24 0.37
MgO % 6.07 6.85 4.95 TiOo % 0.06 0.02 0.04
SO3 % 2.98 5.07 9.07
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Fig. 2. Char yields of RS, WW, and LD under a) hydrothermal conversion, b) torrefaction and c) pyrolysis. (The abbreviations; HC, PC and TC represents the chars

produced by hydrothermal conversion, pyrolysis, and torrefaction, respectively).

is a mild pyrolysis process with temperatures kept at 200-300 °C [81].
WW decomposed most readily via torrefaction to produce a char yield of
~87 wt% at 220 °C droppings significantly to ~35 wt% at 280 °C.
This could be attributed to the hemicellulosic content of WW. Tor-
refaction of RS and LD did not demonstrate the same level of thermal
decomposition. The char yield slightly decreased from 79 to 65 wt% for
RS and from 57 to 49 wt% for LD with a temperature increase from 220

to 280 °C (Fig. 2b). During pyrolysis, despite their physicochemical
differences, WW and RS behaved similarly and exhibited relatively high
thermal decomposition and similar levels of char yield; ~65 wt% at
300 °C, 29-37 wt% at 400 °C and ~ 21 wt% at 550 °C (Fig. 2c).
Furthermore, LD also produced relatively high char yields via pyrolysis;
55 wt% at 300 °C and 43 wt% at 400 °C (Fig. 2c) as compared to hy-
drothermal conversion (Fig. 2a). From Fig. 4a and c, lower char yields
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resulted from hydrothermal conversion, compared to pyrolysis, which
can be attributed to the different behaviour of water during hydro-
thermal conversion where it can acts as a solvent, reactant or even a
catalyst, depending on the conditions [11].

3.3. Combustion characteristics of the chars (hydrochars/biochars)

The chars produced from WW, RS, and LD by hydrothermal con-
version, pyrolysis, and torrefaction were characterised by energy
densification, energy yield, and carbon recovery. Furthermore, the
change from biomass to char, based on the elemental composition (H/C
vs O/C) is plotted using a Van Krevelen diagram. The changes and di-
rection of the position (from biomass to char products) in the Van Kre-
velen diagram by different biomass processing conditions result from
the reactions of dehydration, demethylation, or decarboxylation
[46,82,83]. The data for each process is presented separately in Sections
3.3.1to 3.3.2.

3.3.1. Hydrochars produced by hydrothermal conversion

Fig. 3 illustrates the characteristics of hydrochars produced from
WW. An increase in the process temperature led to a decrease in energy
yield and carbon recovery, whilst increasing the energy densification.
The energy yield and carbon recovery for the hydrochars produced at
200 °C are ~50 wt% and decreasing gradually to ~32 wt% at 235 °C,
~15 wt% at 265 °C, and ~ 10 wt% at 300 °C (Fig. 3a). However, the
energy densification increases from ~1.0 to ~1.6 with increasing the
temperature from 100 to 265 °C (Fig. 3a). As for the effects of pressure,
despite a wider range (800-3500 psi), the char characteristics (partic-
ularly energy yield, carbon recovery and energy densification) do not
change significantly at the early stages of hydrothermal carbonisation
(200 °C), as demonstrated in Fig. 3a.

Fig. 3b shows that pressure is also insignificant at 200 °C (as
hydrochars (at 200 °C) provide similar H/C and O/C ratios and are
located in the Biomass zone in the Van Krevelen diagram. The increase
in the conversion temperature decreases the oxygen content and in-
crease the carbon content (Table A2 in Supplementary Section), which
results in a shift from biomass zone to Peat (at 235 °C) and then Lignite
(at 265 °C) or Coal (at 300 °C) zone in the Van Krevelen Diagram
(Fig. 3b). The path through the evaluation of the H/C and O/C atomic
ratios in the chars could be attributed to the dehydration reactions,
which is similar to previously observed for the hydrothermal conversion
of cellulose [82] and saccharides [83].

Fig. 4 shows the characteristics of the hydrochars produced by RS
from hydrolysis to liquefaction conditions of the hydrothermal
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conversion. Hydrochars produced by RS are similar to WW hydrochars,
with energy yield and carbon recovery decreasing with an increase in
the hydrothermal conversion temperature but with an increase in energy
densification (Fig. 4a). The energy yield and carbon recovery of
hydrochars produced at 100 °C are ~83 wt% and 80 wt%, respectively.
At the same conditions, the hydrochar provides an energy densification
of 1.0, which means the HHV of hydrochars is about the same as the raw
RS. The energy yield and carbon recovery of hydrochars gradually
decrease from ~60 wt% at 200 °C to ~37 wt% at 265 °C, whilst the
energy densification increases from 1.1 to 1.4. However, the energy
densification of the hydrochars produced at 300 °C decreased to 1.2 due
to the liquefaction of RS and increase in ash content. Fig. 4b shows that
the hydrochars produced at the hydrolysis (100 °C) and carbonisation
(200-265 °C) were shifted to a lower O/C zone which could be attrib-
uted to the increase in carbon and decrease in oxygen content (Table A3
in Appendix A), potentially following the decarboxylation path. How-
ever, these hydrocars do not show a significant decrease in the H/C ratio
as hydrogen content increases with increasing temperature. Conversely,
the hydrochar produced at the liquefaction condition (300 °C) provides
relatively lower hydrogen contents (Table A3 in Appendix A) as a
consequence of demethanation, which enable hydrocar near the Lignite
zone in the Van Krevelen diagram.

Among these three biomass feedstocks, LD shows relatively different
characteristics as demonstrated in Fig. 5. As previously demonstrated
(Fig. 2a), LD demonstrated a significant dissolution at low hydrothermal
conversion conditions (below 200 °C), which results in hydrochars
having relatively low energy yield and carbon recovery (~13 wt% at
200 °C, Fig. 5a) compared to other biomass feedstocks such as WW
(~50 wt% at 200 °C, Fig. 3a) and RS (~57 wt% at 200 °C, Fig. 4a). The
energy densification increases from 1.3 to 1.6 by increasing conversion
temperatures from 100 °C to 200 °C. Densification then drops to 0.5 at
300 °C, where the char yield is relatively low (5 wt%, Fig. 2a) and ash
content is significantly high ~66 wt%. Fig. 5b shows that LD has rela-
tively high O/C and H/C ratios. The LD hydrochars demonstrated a
lower O/C ratio with the hydrothermal conversion, but the H/C ratio of
LD hydrochars did not show a significant change through the hydro-
thermal conversion.

Based on the Van Krevelen Diagrams, the impact of the hydrothermal
conversion on these three biomass feedstocks could be concluded as;

e The hydrothermal process can produce different types of char
structures depending on biomass feedstock type.

e Hydrothermal conversion technology gradually enhances the
biomass structure of WW to produce hydrochars with a lower O/C

b)

2 -
WW—Raw~ 200°C
1.6 200°C’ 200°C
Peat
. 235°C .
12 1 Lignite Biomass
Coal .265°C
00°C
0.8 1
® WW-Raw WW-HC-200-800
0.4 WW-HC-200-2600 WW-HC-200-3500
’ WW-HC-235-2600 @ WW-HC-265-2600
Anthracitf @ Ww-HC-300-2600
0 T T T T T T ]
0 01 02 03 04 05 06 07 08

Atomic O/C ratio

Fig. 3. a) Energy yield (Ey), Energy densification (Ep), Carbon recovery (Cr), b) Van Krevelen Diagram (atomic ratio of H/C vs O/C) of the hydrochars produced by

the hydrothermal conversion of WW.
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and H/C ratio, following dehydration reactions. The increase in the
temperature enhances the structure from hydrochars to Peat-like and
then Lignite-like structures (Fig. 3b).

e The O/C ratio for RS- and LD-based hydrochars decreases with hy-
drothermal conversion, the H/C ratio did not show a significant
change (Figs. 4b and 5b).

3.3.2. Biochars produced by pyrolysis and torrefaction

Fig. 6 shows the combustion characteristics and Van Krevelen Dia-
gram of biochars produced by WW, RS, and LD via pyrolysis. The energy
yield of biochars decreased from 88 to 49 wt% for RS, from 77 to 50 wt%
for WW, and from 70 to 50 w.% for LD with an increase in temperature
from 300 to 400C (Fig. 6a). However, the biochars produced by RS and
LD did not show significant energy densification but WW increases
significantly from 1.2 to 1.8 for (Fig. 6a). Biochars produced via pyrol-
ysis of WW follows dehydration reactions (Fig. 6b) similar to the
hydrochars produced by hydrothermal conversion of WW.

Unlike with hydrothermal conversion, the biochars produced from
RS and LD via pyrolysis also showed relatively low O/C-H/C ratios
(Fig. 6b), which suggests a dehydration pathway until 400 °C and
300 °C, respectively. Higher pyrolysis temperatures (550 °C for RS and
400 °C for LD) results in methanation. The different reaction paths
(dehydration and/or demethanation) could be attributed to the different
thermal decomposition mechanisms of biomasses in different processes.
As with hydrothermal conversion, the molecular decomposition of
biomass feedstocks was driven by the physicochemical properties of the
process water, whilst pyrolysis was driven by bond cleavage (bond
fission) possible at high temperatures. As shown in Tables A2 and A3,
the hydrogen content of hydrochars is not significantly changed after
hydrothermal conversion, whilst it gradually decreases with increasing
the pyrolysis temperature, which could be attributed to the hydrogen
content of water in the hydrothermal conversion.

Fig. 7 shows the combustion characteristics and Van Krevelen Dia-
gram of biochars produced by WW, RS, and LD via torrefaction. The
energy yield and carbon recovery decreased from ~93 wt% to ~87 wt%
for RS, from ~72 wt% to ~61 wt% for LD, and ~ 89 wt% to ~56 wt% for
WW as torrefaction temperature increased from 220 °C to 280 °C
(Fig. 7a). The increase in the torrefaction temperature enhances the
energy densification (from ~1.0 to ~1.6) for WW-based biochars.
However, the enhancement in RS- and LD-based biochars is not as much
as that with WW-based biochars. As torrefaction temperatures increased
from 220 to 280 °C, the H/C and O/C ratios of WW rapidly decreased
(Fig. 7b).

The WW biomass migrates largely along the dehydration line to the
state point of WW220, WW250 and WW280 (Fig. 7b), but does not
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change significantly around the demethylation or decarboxylation line,
which is similar to pyrolysis (Fig. 6b) and hydrothermal conversion
(Fig. 3b). The H/C and O/C ratios of LD rapidly decrease along the
dehydration line to the state point of LD220 with the torrefaction at
220 °C. However, further increase in the torrefaction temperature has an
insignificant effect on the ratio of H/C and O/C. Conversely, although
the H/C and O/C ratios of RS slowly decrease (Fig. 7b) through the
torrefaction temperature along with the dehydration reaction, the dif-
ferences between RS-Raw and RS280 are therefore insignificant. The
dehydration rates of WW and LD are faster than RS.

Based on the Van Krevelen Diagrams, the impact of pyrolysis and
torrefaction on these three biomass feedstocks could be concluded as;

e Whilst the biochars produced by pyrolysis and torrefaction usually
follow a dehydration type reaction (Figs. 6b and 7b), the impact on
the char and change across the Van Krevelen Diagram depends on the
biomass type.

Biochars produced by WW via pyrolysis (Fig. 6b) and torrefaction
(Fig. 7b) show the clear migration from higher H/C-O/C levels to
much lower H/C-O/C levels through dehydration reaction line. With
the increase in the process temperature, the biochars provide peat,
lignite, and coal-like structures.

Pyrolysis gradually enhances the biomass structure of RS and LD
through dehydration and then methanation reactions (Fig. 6b), to
produce biochars with a lower H/C-O/C ratio. Torrefaction,
conversely, did not show the same enhancement of the biochar with
increasing temperature (Fig. 7b).

3.4. Intrinsic reactivity of chars

3.4.1. Hydrochars produced by hydrothermal conversion

Fig. 8 shows the thermal degradation characteristics of hydrochars
from WW produced at different temperatures through hydrothermal
conversion. The characteristic temperatures and intrinsic properties of
WW hydrochars are presented in Table 2. Fig. 8a shows weight loss as a
function of temperature (and time) while Fig. 8b and c show the rate of
weight change as a function of temperature (or time). The raw WW
sample exhibits three typical weight loss regions. The first, associated
with the combustion of volatile species (peak decomposition rate at
328 °C) [69]. The latter two (observed between 350 and 450 °C, and 450
to 550 °C with a broad peak decomposition rate at 474 °C) are associated
with char combustion [69,84] (mainly from lignin and cellulose struc-
tures) [11]. The temperature of initial weight loss and the onset of
ignition for the raw WW sample were measured as 236 °C and 265 °C
(Fig. 8a and Table 2). These have shifted to a higher temperature for the
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Fig. 8. Intrinsic reactivity results of hydrochars produced by the hydrothermal treatment of WW as weight loss (wt%) and weight-loss rates (wt%,/min) of at different

temperatures (labelled as “T” in °C) and pressures (labelled as “P” in psi).

Table 2

Characteristic temperatures and intrinsic properties of WW hydrochars.
Hydrochars Tin Tig Tiax Tho DTGuax DTGpean CCI#107 Rw*10°

[g9)] Q) Q) Qo) (Wt%,/min) (Wt%,/min) (Wt%2/min*C®) (Wt%,/min°C?)

WW-Raw 236 266 329 509 14.11 3.32 13.01 16.12
WW-HC-T200-P2600 273 289 328 555 25.21 3.42 18.60 26.60
WW-HC-T235-P2600 270 291 322 563 21.83 3.4 15.57 23.30
WW-HC-T265-P2600 274 292 492 566 5.19 3.32 3.57 3.61
WW-HC-T300-P2600 289 313 494 559 5.15 3.24 3.05 3.33
WW-HC-T200-P3500 273 291 328 554 24.87 3.24 17.18 26.06
WW-HC-T200-P2600 273 289 328 555 25.21 3.42 18.60 26.60
WW-HC-T200-P800 273 291 329 553 26.17 3.42 19.11 27.33

Temperatures of initial decomposition (Ti,), ignition (Tig), peak (Tmax), and burnout (Tp,). Maximum weight loss rate (DTGrax) and average weight loss rates

(DTGnean) between Tip-Tho.

hydrochars produced by hydrothermal conversion (Fig. 8a and Table 2).
For the two chars produced at lower temperatures (200 and 235 °C), it is
also noticeable that the two latter weight loss regions associated with
the combustion of lignin and cellulose have now merged into one,
probably through the decomposition of some of the lignin during char
formation. Of particular interest is the distinction between the hydro-
chars produced at temperatures of 235 °C and below versus those pro-
duced at 265 °C and above. For the >265 °C hydrochars, the peak
temperatures have not only shifted to a higher temperature, but the
three main peaks have essentially merged into one distinct peak. This
indicates a more severe degradation/loss of the feedstock’s hemicellu-
lose and lignin structures and resulting in a more uniform hydrochar
structure. This change is evident in the almost complete loss of the first

peak in Fig. 8b. These structural changes also resulted in a lower com-
bustion stability index (Rw, ~3.6-3.3*107°) and a comprehensive
combustion index (CCI, ~3.5-3.0¥107%2/min? °C3). Fig. 8c shows
three hydrochar samples produced at the same temperature (200 °C) but
with increasing pressures from 800 to 3500 psi. Little observable dif-
ference could be seen in terms of the influence of increasing pressure on
intrinsic reactivity.

The intrinsic reactivity and characteristic temperatures of hydro-
chars produced by the hydrothermal conversion of RS are presented in
Fig. 9 and Table 3. Several weight loss regions are noticeable for the raw
sample in addition to the two to three peak profiles commonly seen for
hemicellulosic feedstocks. The additional weight loss peaks and regions
are likely due to the degradation of oils present in RS [85].
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Fig. 9. Intrinsic reactivity results of hydrochars produced by the hydrothermal treatment of RS as weight loss (wt%) and weight-loss rates (wt%,/min) of at different

temperatures (labelled as “T” in °C) and pressures (labelled as “P” in psi).
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Table 3

Characteristic temperatures and intrinsic properties of RS hydrochars.
Hydrochars Tin Tig Tiax Tho DTGax DTGean CCI+107 Rw*10°

[€9)] Q) Q) (o) (Wt%,/min) (Wt%,/min) (Wt%?2/min?°C®) (Wt%,/min°C?)

RS-Raw 197 216 385 513 9.66 2.81 11.34 11.62
RS-HC-T100-P2600 223 233 400 561 5.82 2.69 5.14 6.24
RS-HC-T200-P2600 204 235 324 563 6.89 2.65 5.87 9.05
RS-HC-T235-P2600 197 220 327 564 7.74 2.63 7.46 10.76
RS-HC-T300-P2600 238 263 453 499 6.43 3.39 6.32 5.40
RS-HC-T200-P3500 201 220 327 563 7.89 2.63 7.62 10.97
RS-HC-T200-P2600 204 235 324 563 6.89 2.65 5.87 9.05
RS-HC-T200-P800 188 228 324 567 7.18 2.17 5.29 9.72

Temperatures of initial decomposition (Ti,), ignition (Tig), peak (Tmax), and burnout (Ty,). Maximum weight loss rate (DTGnax) and average weight loss rates

(DTGean) between Tip-Tho.

The peak temperatures for the Raw RS and hydrochar produced at
100 °C are 386 °C and 400 °C (Fig. 9b and Table 3), respectively. These
temperatures are much lower for the hydrochars produced at HTC
conditions (200 °C and 235 °C), which are about ~320-330 °C. How-
ever, the peak temperature of hydrochar produced at the HTL conditions
(300 °C) was 453 °C, indicating a good relationship between reactivity
and proximate analysis (Table A3). Unlike the two higher temperature
profiles for WW, for the RS hydrochars, there was a much smaller
distinction between the milder versus higher treatment temperatures.
Even at 300 °C, RS hydrochar degradation produces a relatively similar
profile. Similar to WW chars, the RS hydrochars produced at HTC under
different pressure conditions did not show a significant difference in
intrinsic reactivity (Fig. 9¢) or characteristic temperatures (Table 3). A
higher burnout temperature (T, = ~561-564 °C) was observed for the
hydrochars produced at low-temperature hydrothermal conversions
(100-235 °C), while slightly lower burnout temperature (499 °C) was
observed at the HTL (300 °C) conditions. The structural changes of
hydrochars produced at above 265 °C also resulted in a slight decrease in
the combustion stability index (Rw, ~3.6-3.3*10"°) and the compre-
hensive combustion index (CCI, ~3.5-3.0¥1077).

Fig. 10 and Table 4 refer to the oxidative thermal degradation of LD
and its hydrochars. The raw LD sample exhibits the 3 main decompo-
sition regions expected for seaweed. At ca. 250 °C, a sharp peak is
observable and belongs to the decomposition of alginic acid [86] with
the degradation of sugars between 250 and 330 °C and finally the carbon
combusting between 400 and 500 °C. As with the changes observed with
WW and RS, Fig. 10 also shows a shifting of all main peaks to higher
temperatures proportional to hydrochar preparation temperature. At the
more extreme temperature of 300 °C, most of the peaks disappear
leaving a broad sugar and fixed carbon combustion peak at ~380 °C. As
with WW, a distinction can be observed between the hydrochars pro-
duced at 300 °C versus lower temperatures indicating that this sample

only has fixed carbon left after the hydrotreatment. An increase in
pressure did not result in a visible change in the intrinsic reactivity of the
samples.

3.4.2. Biochars produced by pyrolysis and torrefaction

Intrinsic reactivity results of chars produced by pyrolysis and torre-
faction (mild pyrolysis) are presented in Figs. 11 and 12 and Tables 5
and 6. As with the hydrochars, biochars produced by pyrolysis exhibited
similar changes as a function of increasing temperature. The main peaks
shifted to higher temperatures, and the initial decomposition peaks of
lower molecular weight or volatile species disappeared leaving wider
peaks associated with fixed carbon combustion (Figs. 11 and 12).

Little distinction can be made between the intrinsic reactivities of
hydrochars or those produced from pyrolysis. The combustion stability
and the comprehensive combustion indices were very similar for both
methods of thermal treatment and varied primarily with temperature,
regardless of the technology employed to produce them. WW Biochars
appear to be more reactive than those from RS and LD, as is the case with
the raw feedstocks.

4. Conclusions

This is novel research that reports an extensive comparative study on
the biomass processing pathways (hydrothermal conversion, pyrolysis,
and torrefaction) for three distinct biomass feedstocks. The impact of the
process is influenced by feedstock type (WW, RS, and LD) in terms of the
optimisation of char formation and their combustion characteristics for
bioenergy applications. WW char (hydrochar/biochar) was gradually
enhanced by hydrothermal conversion, pyrolysis and torrefaction. With
the increase in the process temperature, the biochars and hydrochars
show lower O/C and H/C ratios, with peat, lignite, and coal-like values.
For example, the ratios of (H/C)/(0O/C) decreased from ~1.6/0.6 to
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Fig. 10. Intrinsic reactivity results of hydrochars produced by the hydrothermal treatment of LD as weight loss (wt%) and weight-loss rates (wt%/min) of at different

temperatures (labelled as “T” in °C) and pressures (labelled as “P” in psi).
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Table 4

Characteristic temperatures and intrinsic properties of LD hydrochars.
Hydrochars Tin Tig Tiax Tho DTGumax DTGrean CCI+107 Rw*10°

Q) [go) o) o) (Wt%/min) (Wt%/min) (Wt%?/min*C%) (Wt%/min°C?)

LD-Raw 184 221 238 503 6.90 1.88 5.28 13.12
LD-HC-T100-P2600 208 234 485 565 5.97 2.11 4.07 5.26
LD-HC-T150-P2600 194 231 510 564 5.94 2.03 4.01 5.04
LD-HC-T180-P2600 212 257 332 518 8.80 2.53 6.51 10.31
LD-HC-T200-P2600 274 304 333 484 22.00 3.65 17.95 21.73
LD-HC-T250-P2600 247 303 327 461 21.76 3.97 20.41 21.96
LD-HC-T300-P2600 268 286 380 469 3.38 1.82 1.60 3.11
LD-HC-T200-P2600 247 293 316 417 33.00 4.42 40.74 35.64
LD-HC-T200-P2600 274 304 333 484 22.00 3.65 17.95 21.73
LD-HC-T200-P2600 252 297 322 446 55.00 3.67 51.31 57.51

Temperatures of initial decomposition (Ti,), ignition (Tig), peak (Tmax), and burnout (Ty,). Maximum weight loss rate (DTGnax) and average weight loss rates

(DTGean) between Tiy-Tho.
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Fig. 12. The weight-loss rates (wt%/min) of intrinsic reactivity of torrefaction chars of a) WW, b) RS, and c¢) LD.

~0.9/0.2 (lignite/coal like structure) in hydrothermal conversion at
300 °C, to ~0.8/0.2 (lignite/coal like) in torrefaction at 280 °C, and to
~0.7/0.2 (coal like) in pyrolysis at 400 °C. Similarly, the ratio of H/C of
RS and LD were gradually enhanced by pyrolysis (decreased from 1.7 to
0.6 for RS and from 1.9 to 1.0 for LD biochars), while the ratio of O/C
was insignificantly change by the pyrolysis. Furthermore, the hydro-
thermal conversion and torrefaction processes had also an insignificant
impact on the chars (hydrochar/biochar) structures, where the ratios of
(H/C)/(0/C) decreased from 1.7/0.4 to 1.3/0.3 for RS and from 1.9/1.6
to 1.7/0.9 for LD in hydrothermal conversion. As for the intrinsic
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reactivity, the temperature of initial weight loss and the onset of ignition
for the raw biomass sample was shifted to a higher temperature for the
hydrochars produced by hydrothermal conversion, i.e. from ~260 °C to
~290-300 °C for WW, from ~216 °C to ~220-260 °C for RS, and from
~221 °C to ~280-300 °C for LD. The peak temperatures of hydrochars
produced by WW not only shifted to a higher temperature, but the three
main peaks all merged into one distinct peak (at ~490 °C). This
convergence indicates a more severe degradation/loss of the feedstock’s
hemicellulose and lignin structures resulting in a more uniform hydro-
char structure at hydrothermal temperatures above 265 °C. Conversely,
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Table 5

Characteristic temperatures and intrinsic properties of pyrolysis chars of RS, WW, and LD.
Pyrolysis chars Tin Tig Tiax Tho DTGpax DTGean CCI+107 Rw*10°

(o) o) O [€o) (Wt%/min) (Wt%/min) (Wt%?/min*C%) (Wt%/min°C?)

RS-Raw 197 216 385 513 9.66 2.81 11.34 11.62
WW-Raw 236 266 329 509 14.11 3.32 13.01 16.12
WW-PC-300 253 284 313 518 13.25 3.66 11.61 14.91
WW-PC-400 274 305 457 519 7.92 3.92 6.43 5.68
WW-PC-550 330 371 483 531 9.77 4.9 6.55 5.45
RS-Raw 197 216 385 513 9.66 2.81 11.34 11.62
RS-PC-300 213 278 399 527 6.99 2.86 4.91 6.30
RS-PC-400 229 251 446 733 7.06 1.68 2.57 6.31
RS-PC-550 263 391 716 746 6.788 1.52 0.90 2.42
LD-Raw 184 221 238 503 6.90 1.88 5.28 13.12
LD-PC-250 181 227 257 537 3.15 1.49 1.70 5.40
LD-PC-300 237 267 453 523 4.07 1.48 1.62 3.36
LD-PC-400 241 250 495 644 3.02 0.86 0.65 2.44

Temperatures of initial decomposition (Ti,), ignition (Tig), peak (Tmax), and burnout (Ty,). Maximum weight loss rate (DTGrax) and average weight loss rates

(DTGean) between Tiy-Th,.

Table 6

Characteristic temperatures and intrinsic properties of torrefaction chars of RS, WW, and LD.
Torrefaction chars Tin Tig Timax Tho DTGmax DTGmean ccr#107 Rw*10°

Q) o) (o) (o) (Wt%/min) (Wt%/min) (Wt%?/min*C%) (Wt%/min°C?)

WW-Raw 236 266 329 509 14.11 3.32 13.01 16.12
WW-TC-220 255 285 328 506 15.61 3.75 14.24 16.70
WW-TC-250 269 294 318 515 13.03 3.87 11.33 13.94
WW-TC-280 280 302 473 514 9.269 4.12 8.15 6.49
RS-Raw 197 216 385 513 9.66 2.81 11.34 11.62
RS-TC-220 246 273 403 537 9.56 3.14 7.50 8.69
RS-TC-250 248 267 402 535 8.02 3.14 6.60 7.47
RS-TC-280 264 280 400 529 15.88 3.38 12.94 14.18
LD-Raw 186 223 240 503 7.775 1.88 5.84 14.53
LD-TC-220 243 266 458 530 3.972 1.49 1.58 3.26
LD-TC-250 254 275 454 531 4.376 1.47 1.60 3.51
LD-TC-280 257 273 459 538 4.253 1.35 1.43 3.39

Temperatures of initial decomposition (Ti,), ignition (Tig), peak (Tmax), and burnout (Tp,). Maximum weight loss rate (DTGnax) and average weight loss rates

(DTGean) between Tiy-Tho.

hydrochars produced by RS showed a much smaller distinction between
the milder versus higher treatment temperatures; even at 300 °C, RS
hydrochar degradation follows a relatively similar shape. Pressure (with
HTC) did not have a significant impact on intrinsic reactivity regardless
of biomass feedstocks. This study demonstrates how the optimal holistic
biomass processing pathways and process interdependencies are influ-
enced by feedstocks and process conditions. The formation of char and
their characteristics directly influence their potential use in bioenergy
production.
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