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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 biomasses. This is novel research which presents an
extensive comparative study on how three different thermal conversion technologies (torrefaction, pyrolysis, and

Ezi(r)i}f,:istion semi-continuous hydrothermal conversion) and process interdependencies are influenced by different feedstocks
Energy application (Rapeseed (RS), Whitewood (WW), Seaweed Laminaria digitata (LD))) for the optimisation of char (hydrochar/
Biomass biochar) formation and their associated bioenergy applications. A wide range of processing conditions was

analysed to optimise char formation and potential applications of these chars in energy production were
extensively investigated. Based on the evaluation of char structures, hydrothermal conversion could be an
applicable method for char production from WW and RS. The char yield of WW is in the range of 30-50 wt% at
the early stage of hydrothermal carbonisation (HTC, 235 °C). Increasing temperature (>265 °C) decreased char
yield but produced a higher HHV char (~30 kJ/g). Approximately 90 wt% of LD dissolved into the water at low
temperatures (<200 °C) during hydrothermal conversion, leaving small amounts of char with a significant ash
content (~50 wt%). During pyrolysis, RS and WW gradually decomposed and produced char with yield of ~
35-40 wt% at 400 °C consisting of a high lignin content with a HHV of > 34 kJ/g. Similarly, LD decomposed
gradually with a char yield of 45 wt% at 400 °C, but with a low HHV (~15 kJ/g) and high ash content (20 wt%).
WW had relatively high char yield of ~ 60 wt% during pyrolysis at 250 °C, with a HHV of 25 kJ/g. Although RS
had a high char yield (~75 wt%) with a high HHV (>30 kJ/g), the chars still contained a significant amount of
volatiles. The WW char from these three thermal conversion technologies, and RS chars produced by pyrolysis
and hydrothermal conversion, could have a potential application in bioenergy production. However, the ash
content and low HHV make LD unsuitable for bioenergy applications.

1. Introduction

Biomass is integral to the global carbon cycle [1-3] and can be used
as a clean, environmentally friendly, and inexpensive source for energy
and value-added chemical production [4,5]. The undeniable potential of
biomass and bioenergy to replace fossil fuels in existing processes to
produce heat, electricity, and fuel for transportation makes it an
attractive and promising energy resource [6-9]. As such, biomass uti-
lisation is playing a pivotal role in achieving the new EU Green Deal
targets for net-zero energy. The bioenergy applications in the EU
accounted for around half of the renewable energy sources in 2019 and a
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substantial increase in the use of biomass and demand for bioenergy is
expected due to the energy and climate change strategies [6]. The Eu-
ropean bioeconomy is now worth over €621 billion in added value
benefits, representing 4.2 % of EU GDP and employing 18 million people
[10]. In order to convert biomass feedstocks into clean energy and value-
added chemicals, three main biomass processing technologies such as
biological conversion [11,12], thermal conversion [13-25], and phys-
ical conversion [26-28] have been identified. In general, biofuels (solid,
liquid, and gas) are produced through the thermal conversion of biomass
feedstocks by utilising technologies [29] such as hydrothermal conver-
sion (carbonisation for hydrochar, liquefaction for value-added
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chemicals, and gasification for syngas) [20,30,31], pyrolysis (slow, fast,
and flash for biochar, gas and oils) [15-17,32,33], and gasification (for
syngas) [18,19]. Biomass feedstocks must be utilised sustainably and
efficiently to prevent deforestation and other detrimental effects on
ecosystems such as loss of biodiversity/habitats [34].

There are, however, many obstacles still exist in the commerciali-
sation of bioenergy and bioproducts via these technologies[35]. These
include sourcing of biomass, differences in physical, chemical, and
biological structures, a lack of cost-competitive bioproducts, ineffective
biomass refinery technologies, scalability limitations of these technol-
ogies, and a limited and/or unstable supply of biofuels and bioproducts
[36-38]. The chemical and biological variations in different types of
biomass feedstocks can result in significant changes in their character-
istics; including biomass handling (sizing, storage, feeding, etc) and
biochemical composition, which also influences subsequent biochar
structures [35,39-41]. Understanding the suitability of different con-
version technologies for different types of feedstocks is therefore crucial
in delivering the full valorisation of different types of biomasses [42,43].
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 Bio-
char Foundation defines biochars/hydrochars as “a heterogeneous
substance rich in aromatic carbon and minerals” [44]. Biochars/
hydrochars are stable, homogeneous solid fuels showing high energy
densities and calorific values compared to the original biomass source
[45-47]. Biochars/hydrochars can be used in a wide range of applica-
tions such as energy production [14,25], water purification [35,48], soil
amendment [49], COy capture [50], and nanoparticles (for making
composites) [51] due to their physicochemical properties [52]. The
choice of processing route and biomass type affect the potential appli-
cation of the produced biochars/hydrochars.

Torrefaction is a thermal conversion (or pre-treatment) technology
that converts biomass feedstocks into medium-grade solid biofuels
(biochars). Biochars are stable, homogeneous, have higher energy den-
sities and calorific values compared to the original biomass feedstock
[25,45,46,53]. Torrefaction is conducted at 200-300 °C under low-
oxygen or inert atmospheres and removes moisture and low energy
volatiles [45,54-56]. The cost of biomass torrefaction process (drying
and torrefaction) could be minimised by using the energy released via
the volatiles. The volatiles released from the decomposition of hemi-
cellulose fraction during torrefaction could be combusted to produce
energy that could, in turn, minimise energy costs. Pyrolysis is another
commonly used thermal conversion technology where the biomass
feedstocks can be effectively converted into more valuable gas, liquid
(bio-o0il) and solid (biochar) products [57-59]. The chemical bonds in
hemicellulose, cellulose, and lignin structures of biomass are thermally
degraded in an oxygen-free environment [17,38]. Pyrolysis can be
achieved in different ways 1) slow pyrolysis; 2) fast pyrolysis; and 3)
flash pyrolysis, based on processing conditions [38]. Flash pyrolysis,
with high temperatures (ca. 650-1000 °C), higher heating rates and
short residence times (<1 s) maximises the gas yield. Fast pyrolysis, at
intermediate temperatures (ca. 425-600 °C) with higher heating rates
(ca. 1000-10000 °C/s) and short residence times (<3 s), increases the
liquid yield [60]. For maximum biochar yield, slow pyrolysis uses lower
temperatures (ca. 400 °C) with a slow heating rate and long residence
times (hours to days) are required [60]. Hydrothermal conversion is an
alternative promising thermal conversion technology, which uses the
high inherent moisture of biomass to its advantage [61]. Hydrothermal
conversion facilitates the physio-chemical transformation of biomass
feedstocks in hot-compressed water to produce hydrochar, biocrude,
and/or syngas, as well as value-added chemicals (ethanol, acetone,
acetic acid etc.) [4]. This makes hydrothermal conversion technology a
potentially viable, scalable, and energy-efficient thermo-chemical route
for biomass conversion [62]. Hydrothermal conversion is usually carried
out in the following states: supercritical (hydrothermal gasification,
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HTG, 374-550 °C and 221 bar), sub-critical (hydrothermal liquefaction,
HTL, ~250-370 °C, 50-220 bar), and hydrothermal carbonisation
(HTC, 180-250 °C, 15-40 bar) [18,25,63-67]. Most hydrothermal
studies use batch processing, but recent developments have developed
semi-continuous systems which have the potential to be scaled up for
commercial use [20,25].

Comparative studies of pyrolysis, torrefaction and hydrothermal
tend to focus on one material, such as olive tree prunings [68], Mis-
canthus giganteus [69], straw [70,71], or mushroom compost waste
[72-74]. There are numerous studies which explore pyrolysis and hy-
drothermal processing [75], torrefaction and hydrothermal processing
[31,76-80], and pyrolysis and torrefaction [81,82] but, again, these
tend to focus on single biomass feedstocks and there are no comparative
seaweed-based studies of all three thermal treatments, despite numerous
individual studies [83]. Studies indicate that the preferred processing
route varies with feedstock, thus comparing studies is difficult due to
variations in equipment, processing conditions and limiting studies to
single feedstocks or single types of feedstocks. There have very few
studies which use multiple feedstocks with multiple thermal treatments.
The influence of these 3 techniques on biochars produced from ligno-
cellulosic and agricultural residues used to improve soil aggregate sta-
bility found that only hydrophobic hydrothermally carbonised chars
improved aggregate stability [84]. This study did not explore the opti-
misation of any of the techniques and how operational parameters in-
fluence the biochar product. Furthermore, to date, no studies have
compared lignocellulosic, agricultural residues and seaweeds using
numerous thermal treatments.

This study is the first comparative research on how the optimal ho-
listic biomass processing pathways and process interdependencies are
influenced by feedstocks for the optimisation of char formation and the
bioenergy application of the produced chars. This is also one of the first
comparative studies to analyse semi-continuous hydrothermal process-
ing in comparison to pyrolysis and torrefaction for any biomass feed-
stocks. The chars produced by hydrothermal conversion is defined as
“hydrochar” and by pyrolysis and torrefaction are defined as “biochar”
throughout the manuscript. The suitability of three different biomass
feedstocks (Whitewood, Rapeseed, and Seaweed (L. digitata)) were
therefore investigated for hydrochar/biochar formation, using three
commonly used thermal conversion technologies; torrefaction, pyroly-
sis, and hydrothermal conversion (subcritical conditions; hydrolysis,
carbonisation, and liquefaction) under a wide range of processing con-
ditions. In this study, the optimisation of char formation is presented in
detail with an evaluation of the suitability of energy application of the
char products based on thermal characteristics. Additionally, the
‘displacement’ term, which was previously identified as a ‘finger-
printing’ technique for the biochars [85], has been used to make a direct
comparison of three thermal conversion technologies for different type
of biomass feedstocks for the first time.

2. Materials and methods

Three different biomass feedstocks were used in this study; Rapeseed
residues (RS, source of agricultural waste, supplied by the University of
Nottingham from Dr David Gray, Dr Filippo Bramante, and Dr Vincenzo
Di Bari), Whitewood (WW, made from sawdust residues from Northern
Ireland, supplied by Wolseley), and Laminaria digitata (LD, UK sourced
brown seaweed). These feedstocks were selected as they are all
domestically produced in the UK and are from three distinct types of
biomasses, namely wood (WW), agricultural residues (RS) and macro-
algae (LD) [5,39,86]. The rapeseed residue was obtained by the modi-
fied method presented in Ref. [87,88]. 100 g oilseed rape seeds, variety
Compass, were soaked for 16 h at 4 °C, in pre-chilled sodium bicar-
bonate 0.1 M, pH 9.5 (extraction buffer). The soaking medium was then
discarded and replaced with fresh extraction buffer. Seeds were blended
with a Kenwood kMix, type BLX75, for 60 s at 400 W power (machine
half power), in the extraction buffer at seed/buffer ratio 1:7 (based on
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the initial seed weight), and the mix was filtered through tree layers of
cheesecloth to separate the solid debris from the filtrate. The seaweed
was collected at low spring tides in May 2015 near Downderry in
Cornwall and prepared by following the methods outlined in the Ref
[86].

2.1. Feedstocks and char characterisation

The biomass feedstocks (RS, WW, LD) were firstly ground using a
Wiley Laboratory Mill (having three blades) and sieved to different
particle sizes (<106 pum, 106-212 pm, 212-300 pym, 300-425 pm,
425-600 pm) in a sieve shaker for 15 min according to EN ISO
17827-2:2016, using sieves with apertures of 3,15 mm and below
[89,90]. The most suitable particle sizes were used in each thermal
conversion technology (specified in Section 2.2 Thermal conversion of
biomass feedstocks) in order to eliminate blockages. The impact of
particle size in these processes was neglected due to the narrow size
distribution of the particles.

Proximate analysis: Proximate analysis was performed in a TA-
Q500. Approximately 15-25 mg of sample was loaded in a platinum
pan, then heated from ambient temperature to 900 °C with a heating
rate of 5 °C/min with a Ny flow rate of 100 ml/min, then held isother-
mally for 5 min. The Ny flow was then replaced by air with a flow rate of
100 ml/min at 900 °C for a further 10 min [85]. The mass loss below
110 °C was considered as moisture content. The mass loss between
110 °C and 900 °C was defined as volatile matters (VM) and the loss at
900 °C under airflow was defined as fixed carbon (FC) the remaining
mass after oxidation at 900 °C was defined as ash [5,91]. The proximate
analysis was triplicated to eliminate the experimental error.

Ultimate analysis: The elemental compositions (carbon (C),
hydrogen (H), nitrogen (N)) of biomass feedstocks and chars were
determined using LECO CHN 628. Oxygen (O) content was calculated by
difference [92,93]. The elemental analyses were repeated three times to
reduce any systematic error. The higher heating value (HHV) of raw
biomass was measured by bomb calorimeter (IKA LABORTECHNIK
C4000 control) according to BS1016 (Part-5) in triplicate (results pre-
sented on dry basis). Benzoic Acid was used as the standard. However,
due to the limited availability of char material, the HHV for the char
samples was determined using previously defined HHV correlations and
experimental CHN data. The most suitable HHV correlation for each
biomass type was identified with the lowest standard deviations be-
tween the experimental and predicted HHV (Table 1, Egs. (1)-(3))
among eleven different HHV correlations (Table S1 in Supplementary).

Density measurements: The true density (skeletal density) of
biomass samples was measured by a Micromeritics AccuPyc I 1340 Gas
Pycnometer. Approximately 250-500 mg sample was placed into 1.0 ml
sample cell, then purged 15 times with Helium as the displacement gas.
The true density was then calculated by the ratio of sample mass and
sample volume of the average 20 analysis cycles [92,93]. In order to
measure the tap density of biomass feedstocks, approximately 10-15 g

Table 1
The HHV correlations provided the lowest standard deviation for different
biomass feedstocks.

Biomass Correlations for Ref. HHVE, HHVp, STDEV  Eq.

Feedstocks Higher Heating (kj/g) (kj/g) )
Value (HHV)

Rapeseed HHV = 0.2949C + [94] 25.56 25.81 1017 (€8]
0.8250H :

Whitewood HHV = —3.440 + [95] 18.94 19.64 +0.49 2
0.517(C + :
N)—0.433(H + N)

L. digitata HHV = 96 11.73 11.74 3

gta 196] 001 @

0.4373C -1.6701

HHVgx and HHVp, represent the HHV measured experimentally and predicted by
the correlations, respectively.
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samples were placed in a graduated cylinder (volume of 150 ml) and
mechanically tap in a Copley Scientific JV 1000 tap density machine for
10 mins.

2.2. Thermal conversion of biomass feedstocks

Hydrothermal conversion: Hydrothermal conversion of the biomass
feedstocks (LD, RS, and WW) was investigated in a semi-continuous rig
shown in Fig. 1a [20]. A preloaded biomass sample (~5.0 g) was placed
inside a 100-um stainless steel 316L mesh, which acting as a filter at the
bottom and top of the reactor, within the semi-continuous reactor. A
feed stream of distilled water was pumped via a high-pressure Gilson
HPLC pump and preheated to the desired temperature using a Watlow
cartridge heater. The preheated water stream flows into the reactor from
the bottom (up-flow), where the reaction starts with the effects of matter
and energy transfer [20]. The enriched stream leaves the reactor and
passes through a 100 um filter that retains any solids that could poten-
tially have flowed out the top of the reactor. After the filter, the process
water is cooled in a heat exchanger with a stream of fresh water at room
temperature. Finally, the liquid products go through a back-pressure
regulator (BPR) which pressurizes the whole system, and the outflow
is collected after the BPR.

The hydrothermal conversion of RS, LD and WW were investigated
for a range of temperatures (100, 200, 300 °C) and pressures (4, 55, 180,
240 bar or 60, 800, 2600, and 3500 psi, respectively) (Fig. 1b) to
establish the optimal conditions for hydrochar (or biomass residues
depending on the process condition) production. Approximately 5.0 g of
each biomass feedstock (having a particle size of 425-600 um for RS and
WW, 212-300 um for LD) was placed between two layers of sieve mesh
(100 um) in the 316L stainless steel reactor. The hydrothermal 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 tem-
perature. Once the system had established 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 were defined as “hydrochar”
throughout the manuscript.

Pyrolysis: The pyrolysis experiments were investigated in a micro-
activity test unit, illustrated in Fig. 2a. The rig consisted of a Pyrex glass
tubular reactor with an internal diameter of 1.9 cm and a length of 27
cm, a temperature-controlled tubular furnace, a liquid product receiver
and a gas sampling bag. The reactor was placed within a cylindrical
furnace. The temperature was controlled by a vertically located ther-
mocouple in contact with the quartz wool just over the biomass bed. The
pyrolysis tests were investigated using the following procedure;
approximately 5.0 g of biomass feedstocks (having a particle size of
600-850 um for RS and WW, 212-300 um for LD) were placed in a
micro-activity reactor between two pieces of quartz wool. The reactor
was located in the tubular furnace, which was preheated to 200 °C. The
pyrolysis temperature was then increased to 300, 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. The experi-
mental error was calculated using a series of experiments carried out in
triplicate.

Torrefaction: The torrefaction of biomass feedstocks (LD, RS and
WW) was investigated in a horizontal tube furnace system (Fig. 2b)
using the following conditions. Approximately 4.0 g of biomass feed-
stocks (having a particle size of 300-425 pym for RS and WW, 106-212
um for 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
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Fig. 2. Flow diagrams of a) biomass pyrolysis and b) biomass torrefaction processes [97-99].

with a heating rate of 10 °C/min under a N; 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 were defined as “biochar” throughout this manuscript.

Char (hydrochar/biochar) yield of hydrothermal conversion, pyrol-
ysis, and torrefaction was determined using (Eq. (4)) [100].

Char yield (C,, wt.%) = —Crd_sx100 )

MBiomass \dry

Where, Mpjomass,dry is 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.

2.3. Thermal analysis of chars

A thermogravimetric characterisation technique was used to inves-
tigate the devolatilization behaviours of the biomass feedstocks and
chars. This technique has been used to quantify components such as

hemicellulose, cellulose, and lignin [85] using the thermogravimetric
(TG) and differential thermogravimetric (dW/dt) curves [101].
Approximately 15-25 mg of char was loaded in a platinum pan in a TA-
Q500 instrument. The sample was then heated from ambient tempera-
ture to 900 °C with a heating rate of 5.0 °C/min under N flow rate of
100 ml/min and held at this temperature for about 5 min. Ny was then
replaced by air (to combust the fixed carbon) with a flow rate of 100 ml/
min at 900 °C for a further 10 min [85]. In order to characterise the
impact of process conditions of thermal conversion technologies on char
formation and structure, the level of “displacement” was determined
with the global sum of all absolute values of the differences between the
original and experimental differential thermogravimetric (DTG) profiles
as defined in Eq-5 [20,85].

) ()

i
dw dw
Displ t = — — =
pplacemen Z ( ( dr ) BT ( dt > he.T

Ts
Where, Ts and T are the temperatures of thermal decomposition starts
and finished between (25-900 °C), (dW/dt)ysr and (dW/dt)cy,t are the
weight loss rate of biomass feedstocks and chars at the specific tem-
peratures in the thermal decomposition process.
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3. Results and discussions
3.1. Characterisation of feedstocks

The ultimate analysis, proximate analysis, densities and HHV of the
biomass feedstocks are presented in Table S2 in Supplementary. The
ultimate analysis shows a wide range of carbon and oxygen composition
for these biomass feedstocks. WW and RS have the highest VM (~79 wt
%) and lowest FC (~11-13 wt%) ratios while LD provides lower VM
(~55 wt%) and higher FC of ~ 18 wt%. Furthermore, the LD has a high
ash content (~18 wt%) compared to the other feedstocks, which is in
agreement with previous findings [102]. LD also had much higher Tap
and True densities and lower HHV compared to RS and WW. The
following sections (3.3. Thermal analysis of chars) provide further in-
formation on the proximate and ultimate analysis of each type of
hydrochars/biochars and the impact of thermal conversion
technologies.

3.2. Thermal conversion of biomass feedstocks

The char yields of RS, WW and LD generated from the three thermal
conversion technologies (hydrothermal conversion (including HTL,
HTC, and HTH), pyrolysis, and torrefaction) are presented in Fig. 3.
Regardless of thermal conversion technology, the increase in the oper-
ating temperature decreases the biochar/hydrochar yield, which is in
agreement with previous findings [103,104]. The decrease in biochar/
hydrochar yields can be attributed to the gradual thermal decomposition
of biomass structure as lignocellulosic biomass begins to carbonise at
temperatures above 180 °C [63,105,106] when the cellulosic and
hemicellulosic polymers disintegrate into monomers/oligomers [1]. The
main biomass components, hemicellulose, cellulose and lignin, gradu-
ally decompose at temperatures of 220-315 °C, 280-400 °C and
160-900 °C, respectively [17,85,107].

Hydrothermal conversion (Fig. 3a) showed temperature to have a
significant effect on char yield while pressure appears to have a minimal
impact on biomass solubility (presented in Fig. S1 in Supplementary
materials). WW and RS produced a smaller water-soluble portion (~5-7
wt% and ~ 20 wt%, respectively) at the low hydrothermal conversion of
100-150 °C while both RS and WW demonstrate higher decomposition
and carbonisation levels (with a char yield of ~ 50 wt%) at 200 °C. This
could be attributed to the carbonisation temperature of lignocellulosic
biomass (RS and WW), which starts above 180 °C [63,105,106] in which

100 1

A Torrefaction AWW-HC < LD-HC 0 RS-HC
90 A A X WW-PC + LD-PC X RS-PC
80 - @ ] AWW-TC ¢LD-TC mRS-TC
0] t
o [ |
c 2
60 - %z v
S oy
3 @ }%»

01 %% 0%
*%
e ta
wl 2 X
0] ¢

0 T T T T T T T T T T ]
50 100 150 200 250 300 350 400 450 500 550 60

Biochar/hydrochar yields (wt.%)

Process Temperature (°C)

Fig. 3. Biochar/hydrochar yields of RS, WW, and LD under the thermal con-
version techniques of hydrothermal conversion (HC), pyrolysis (PC), and tor-
refaction (TC).
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the cellulosic and hemicellulosic polymers were breakdown into
monomers/oligomers [1]. LD, on the other hand, demonstrated much
higher water-soluble portion (~60-65 wt%) at 100-150 °C and the in-
crease in the process temperature to 200 °C resulted in a char yield of ~
10 wt%. This results from the differences in biochemical compositions of
LD compared with RS and WW. As different biochemical structures
required different decomposition temperature and behaviour under
hydrothermal conversion. For example, the biopolymers in raw LD,
mainly polysaccharides alginate and fucoidan, and possibly the protein
fraction, significantly degrade at ~ 180-320 °C. At the hydrothermal
liquefaction (HTL) condition (300 °C), all three biomass feedstocks
produced ~ 5-10 wt% of hydrochar yield. Above 300 °C, the biomass
feedstocks depicted low levels of char formation where the cellulosic
and hemicellulosic polymers in biomass structures break into monomers
which are subsequently released into the water phase. At a high tem-
perature (>265 °C), the cellulosic structure of WW and RS were signif-
icantly degraded due to the catalytic effects of the hydroxyl (OH-) and
hydronium (H + ) ions [20] in hydrothermal liquefaction processes. The
following section (3.3.1. Hydrochars produced by hydrothermal con-
version) provides further information on the thermal decomposition of
each hydrochars and the impact of hydrothermal process conditions on
the formation of hydrochar structures.

The biomass feedstocks provided lower char yields via hydrothermal
conversion (Fig. 3a) compared to pyrolysis (Fig. 3b). This can be
attributed to high solvation rates and the catalytic properties of water in
the hydrothermal conversion processes [20] leading to a large amount of
the fixed carbon within the biomass being converted and lost (i.e. not
remaining as a char product). These biomass feedstocks provide
different biochemical structures, which are decomposed at different
temperatures through pyrolysis and torrefaction processes. WW consists
of hemicellulose (23-26 wt%), cellulose (48-56 wt%), and lignin
(26-30 wt%) structures [108]. The thermal decomposition of hemi-
cellulosic, cellulosic, and lignin structures are between 200 and 315 °C,
280-400 °C, and 160-900 °C, respectively, [17,85,107]. RS usually has
a significant amount of extractives (19.4 wt% including proteins, lipids,
waxes, resins, free sugars, gums, and tannins) in addition to hemicel-
lulose (41.4 wt%), cellulose (28.6 wt%) and lignin (5.0 wt%) [109]. The
extractives are defined as ethanol extractives (lipids, waxes, and resins —
the highest part of it Triglycerides) and water extractives (free sugars,
gums, and tannins) [110]. LD (seaweed) compose of carbohydrates
(35-55 wt%, i.e. Mannitol 9-20 wt%, Fucose/Fucoidan 9-12 wt%,
Laminarin content 13-41 %, Glucose 3-36 wt%), proteins (5-12 wt%),
and minor amount of phenolic substances (phlorotannin), lipids (small
amounts) and ash [111].

In the torrefaction process (Fig. 3c), WW demonstrated the highest
decomposition via the torrefaction process, as char yield was ~ 87 wt%
at 220 °C and decreased to ~ 35 wt% at 280 °C, which could be
attributed to the thermal decomposition of hemicellulose [112] and
cellulose structures. As thermal decomposition of the hemicellulosic
structure in WW begins at ~ 200 °C, where the partial hydrolysis of
glycosidic linkages, the decarboxylation of side chains, and the
exothermic condensation of molecules occur [108]. The f-glycosidic
bonds rupture at ~ 220 °C. At a temperature between 220 and 280 °C,
active disintegration occurs via condensation, oxidation, and polymer-
ization reactions [108]. However, the low biochar yield of WW (35 wt%)
at 280 °C is not only attributed to the decomposition of hemicellulose
but also the decomposition of cellulose due to the long residence time of
torrefaction (60 min). As the thermal decomposition of the cellulosic
structure of WW begins at 280 °C and ended at about 370 °C, which is in
line with the literature [113], where significant thermal decomposition
of cellulose was observed at 300 °C. RS and LD do not demonstrate the
same level of thermal decomposition from the torrefaction process, as
the char yield decreased from 79 to 65 wt% for RS, and from 57 to 49 wt
% for LD, as temperature increased from 220 to 280 °C, which could be
attributed to the heterogeneous structure of RS and LD. For example, the
main structure of microalgae are lipids, proteins, carbohydrates which
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usually decompose around 259-470 °C, 245-312 °C, and 139-397 °C
[114], respectively. Char yield therefore depends on the decomposition
parts of these main components under the torrefaction conditions. A
detailed discussion with proof using thermal decomposition of biochars
is provided in section “3.3.3. Biochar produced by torrefaction”.

In pyrolysis, lower biochar yields were produced at higher pyrolysis
temperatures due to increasing thermal decomposition, as higher energy
is required to achieve a higher thermal decomposition of the polymeric
bonds in the biomass (Fig. 3b). Despite the differences in proximate and
ultimate analyses, WW and RS produced similar char yields, which is ~
65 wt% at 300 °C, which can be attributed to the decomposition of
hemicellulosic structure in WW and RS (as mentioned previously that
hemicellulosic structures are decomposed at a temperature range of
200-315 °C [108]. In addition to hemicellulose, decomposition of pro-
tein and sugars also contributed to the biochar yield since proteins and
sugars also endothermically decompose between 185 and 280 °C [115]
and 280-300 °C [116], respectively. The biochar yield of RS and WW
decreased to 29-37 wt% at 400 °C due to the further decomposition of
cellulose (48-56 wt%) structure in WW and cellulose (28.6 wt%), part of
extractives (mainly triglycerides) in RS. Since thermolysis of tri-
glycerides occurs above 300 °C with cracking above 350 °C [117]. Much
lower biochar yield (~21 wt%) was observed at 550 °C for WW and RS
due to the complete decomposition of cellulose, hemicellulose and
partial decomposition of lignin structures in WW and cellulose, hemi-
cellulose, extractives, and partial decomposition of lignin in RS.
Furthermore, LD produced high char yields via pyrolysis; 55 wt% at
300 °C and 43 wt% at 400 °C (Fig. 3b) compared to hydrothermal
conversion (Fig. 3a), which could be attributed to the catalytic proper-
ties of water molecules in hydrothermal conversion decomposing
seaweed structure at a lower temperature than thermal decomposition
conditions. As presented in the literature, pyrolysis of microalgae, the
biopolymers (alginate) are decomposed at ~ 240-260 °C, carbohy-
drates/sugars are decomposed at 245-312 °C, proteins are decomposed
139-397 °C, and lipids are decomposed 259-470 °C [114,116]. A
detailed discussion with proof using thermal decomposition of biochars
is provided in Section “3.3.2. Biochar produced by pyrolysis”.

3.3. Thermal analysis of chars
3.3.1. Hydrochars produced by hydrothermal conversion

3.3.1.1. Hydrothermal conversion of Whitewood:. Fig. 4 shows the
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proximate and ultimate analyses of raw and hydrochars produced by the
hydrothermal conversion of WW at different temperatures and pres-
sures. Hydrolysis (150 °C at 180 bar (2600 psi)) and early-stage of
carbonisation (200 °C at 55-240 bar (800-3500 psi)) conditions had an
insignificant effect on the proximate and ultimate analyses of chars
produced by WW compared to raw WW. However, for HTC above
235 °C, increasing process temperature increased the FC ratio while
decreasing the VM in the hydrochar (Fig. 4a). Similar trends were also
noted for the ultimate analysis (Fig. 4b). The hydrochars produced at
above 235 °C provide higher carbon and lower oxygen ratio, which
results in higher HHV of hydrochars (Fig. 4a).

Fig. 5 shows the thermal decomposition characteristics (Weight loss,
Weight-loss rate, and Displacement) of raw biomass and hydrochars
produced by the hydrothermal conversion of WW at different temper-
atures and pressures. The thermal decomposition of the hydrochar
produced at 150 °C provides the main weight loss (degradation) peak
with a weight loss rate of ~ 6.3 wt. %/min at ~ 338 °C. This can be
attributed to the higher cellulose-lignin structures which are illustrated
by a shoulder before ~ 300 °C (lower hemicellulose-cellulose) and tail
after ~ 375 °C (lignin) in Fig. 5. This is identical to the profile of raw
WW (Fig. 5b) [20]. The shoulder before ~ 300 °C disappeared due to
degradation of the hemicellulosic structures of WW for the hydrochars
produced at > 200 °C (Fig. 5b). Thus, the hydrochars produced at
200-235 °C, show a strong cellulose-lignin structure. The structural
differences between hemicellulose (compared to cellulose), combined
with differences in crystallinity and molecular weight, resulting in high
levels of degradation of the hemicellulose under hydrothermal treat-
ment [20]. However, the pressure used at 200 °C (55-240 bar
(800-3500 psi)) appears to have an insignificant impact on the hydro-
char structure (Fig. 5c and Fig. S1).

At higher temperatures (>265 °C), the cellulosic structure of WW
was significantly degraded and produced a char with a strong lignin
structure, most likely due to the catalytic effects of the hydroxyl (OH")
and hydronium (H") ions [63,107]. The weight loss rate was approxi-
mately 5.5-7.0 wt.%/min at temperatures below 235 °C, where the
hydrochars have strong cellulosic structure. Above temperatures of
265 °C, the weight loss ranged between 1.0 and 1.5 wt.%/min, and the
resultant hydrochars show strong lignin signals from the TGA profile.
The higher displacement results from greater decomposition of the
biomass structure at the specified condition during the biomass pro-
cessing technology, as it is determined by the sum of the absolute value
of the differences between the DTG profiles of feedstocks and chars
[20,85]. Hydrochars produced at 265-300 °C demonstrated greater
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Fig. 4. a) Proximate analysis (dry basis, A: Ash, FC: Fixed carbon, VM: Volatile matter) and Higher Heating Value (HHV), b) Elemental analysis (ash free basis, C:
Carbon, O: Oxygen, H: Hydrogen and N: Nitrogen) of hydrochars produced by the hydrothermal conversion of WW at different temperature and pressures.
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Fig. 5. a) Weight loss (wt.%), b-c) Weight-loss rates (%/min) and d) Displacement of hydrochars produced by the hydrothermal conversion of WW at different

temperatures and pressures.

levels of ‘displacement’ at ~ 7900-8100, respectively (Fig. 5d). These
higher displacement values suggest that the impact of the process con-
ditions on the biomass is significant.

3.3.1.2. Hydrothermal conversion of Rapeseed:. Fig. 6 demonstrates the

proximate and ultimate analysis of the hydrochars produced by RS at a
range of hydrothermal conversion conditions. The hydrochars produced
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from RS at low to medium temperatures (100-265 °C) show small dif-
ferences in the ratio of VM and FC. However, the ash content signifi-
cantly increases from 3.7 wt% to 12-18 wt% (Fig. 6a). The increase in
ash content could be attributed to the proportion of biomass structure
breaking down into the water via hydrothermal conversion, while the
ash remained in the final char structure. At HTL conditions of 300 °C, the
FC ratio proportionally increased from ~ 12 wt% to ~ 23 wt%, while the
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Fig. 6. A) Proximate analysis (dry basis, A: Ash, FC: Fixed carbon, VM: Volatile matters) and Higher Heating Value (HHV), b) Elemental analysis (ash-free basis, C:
Carbon, O: Oxygen, H: Hydrogen and N: Nitrogen) of hydrochars produced by the hydrothermal conversion of RS at different temperature and pressures.
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VM ratio decreased from ~ 84 wt% to ~ 67 wt%. Conversely, the carbon
content gradually increased (from 58 wt% to 72 wt%), while the oxygen
level decreased with an increase in hydrothermal conversion tempera-
ture (Fig. 6b).

Fig. 7 presents the thermal decomposition characteristics of raw and
hydrochars produced by the hydrothermal conversion of RS. Raw RS
depicts three main stages of thermal degradation, representing
hemicellulosic-cellulosic structures (at 250-320 °C), cellulose-lignin
structure (at 320-390 °C) and a lignin structure (above 390 °C) as a
shoulder. The hydrochars (or biomass residues) produced at 100 °C also
show three main stages of thermal degradation as demonstrated in
Fig. 7b. The hemicellulosic structure was completely degraded at an
HTC temperature of 200 °C, therefore, the hydrochars produced be-
tween 200 and 300 °C (HTC-HTL conditions) provides more cellulose-
lignin structures. Although the lignin structure became more apparent
at 300 °C as a peak (instead of the shoulder), the cellulose-lignin
structure is still a big portion of the hydrochar produced at 300 °C.
The insignificant structural change in RS through hydrothermal con-
version was also demonstrated with low displacement at ~ 2100 at
100 °C and ~ 3500 at 300 °C (Fig. 7d). The low level of displacement
indicates that the hydrochars produced by RS maintain a chemical
structure similar to the feedstock despite the significant decrease in the
hydrochar yield (demonstrated previously in Fig. 3a). The insignificant
change in the hydrochar structures produced by RS at different condi-
tions could be attributed to the heterogeneous contents of RS residue
[118]. As major components, RS residues usually contain ~ 11 wt% of
water extractives, ~8 wt% of hemicellulose, ~9 wt% of cellulose, ~4 wt
% of lignin, ~34 wt% of ethanol extractives, and ~ 30 wt% of crude
protein [110].
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3.3.1.3. Hydrothermal conversion of L. digitata:. The proximate and ul-
timate analyses of hydrochars produced by the hydrothermal conversion
of LD are presented in Fig. 8. As previously demonstrated in Fig. 3, LD
contained a significant amount of a water-soluble portion (~60-65 wt
%) at the hydrolysis conditions of 100-150 °C, 2600 psi. LD had
generated significantly lower char yields, compared to WW and RS,
under the same processing conditions. The increase in the hydrothermal
conversion temperature significantly increased the ash content from 8.1
wt% to 66 wt%, while FC and VM contents significantly decreased from
32 wt% to 21 wt% and 60 wt% to 12 wt%, respectively (Fig. 8a). The
ultimate analysis of hydrochars (ash-free basis, Fig. 8b) demonstrates
that the carbon content gradually increased while the oxygen content
decreased with increasing HTC temperature. Although the increase in
the carbon content slightly enhanced the HHV of hydrochars, the
hydrochars have a low HHV of 16-18 kJ/g, which decrease the potential
application of these chars in energy production through combustion.
Thermal decomposition of raw and hydrochars produced by the
hydrothermal conversion of LD are presented in Fig. 9a-c. The bio-
polymers in raw LD, mainly polysaccharides alginate and fucoidan, and
possibly the protein fraction, which degrade at ~ 180-320 °C, were
significantly impacted by increases in hydrothermal temperature. The
biopolymer peak completely disappeared at the hydrothermal conver-
sion at 160 °C. A new degradation peak between ~ 250-370 °C
appeared for hydrochars produced at HTC conditions. Fig. 9c indicates
that the lower pressure of HTC (at 200 °C) resulted a significant shift in
the thermal decomposition of biopolymers and the peak temperature
was shifted from 295 °C (240 bar (3500 psi)) to 344 °C (55 bar (800
psi)). The displacement level of LD was ~ 3400 at 100 °C (Fig. 9d),
which is higher than RS (~2100) under the same conditions. Further-
more, the displacement level of hydrochars increased to ~ 7300 at
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Fig. 7. A) Weight loss (wt.%), b-c) Weight-loss rates (%/min) and d) Displacement of hydrochars produced by the hydrothermal conversion of RS at different

temperatures and pressures.



F. Giileg et al.

mA mFC ®mVM eHHV

100

80

60

40

20

Proximate analysis (wt.%)

Hydrothermal Conditions (Psi, °C)

a)

HHV (kJ/g)

Energy Conversion and Management 270 (2022) 116260

HC% m0% ®mH% N%

100

» [e)] ©
o o o

Elemental Analysis (wt.%)
N
o

Hydrothermal Conditions (Psi, °C)

b)

Fig. 8. a) Proximate analysis (dry basis, A: Ash, FC: Fixed carbon, VM: Volatile matters) and Higher Heating Value (HHV), b) Elemental analysis (ash-free basis, C:
Carbon, O: Oxygen, H: Hydrogen and N: Nitrogen) of hydrochars produced by the hydrothermal conversion of LD.
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Fig. 9. a) Weight loss (wt.%), b-c) Weight-loss rates (%/min) and d) Displacement of hydrochars produced by the hydrothermal conversion of LD at different

temperatures and pressures.

250 °C. However, displacement at liquefaction conditions (300 °C) of ~
4500 could be attributed to the low char yield and high ash content. In
general, the significant ash content and low HHV of the LD hydrochars
would make them unsuitable for energy generation processes.

3.3.2. Biochar produced by pyrolysis
The proximate and ultimate analyses of biochars produced by the
pyrolysis of these three different biomass feedstocks (RS, WW, and LD)

are presented in Fig. 10. Predictably, increasing pyrolysis temperature
gradually increased the FC content of biochar while decreasing the VM
ratio (Fig. 10a). At the highest pyrolysis temperatures (400 °C for LD,
and 550 °C for RS and WW), the FC ratios increased to 64 wt% for LD,
and to 66 wt% and 84 wt% for RS and WW, respectively. Similarly, the
ash content of the produced biochars increased to a higher proportion
with increasing pyrolysis temperature. However, the increase in ash for
WW was lower than that of RS and LD. Furthermore, the ash content of
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Fig. 10. a) Proximate analysis (dry basis, A: Ash, FC: Fixed carbon, VM: Volatile matter) and Higher Heating Value (HHV), b) Elemental analysis (ash free basis C:
Carbon, O: Oxygen, H: Hydrogen and N: Nitrogen) of biochars produced by pyrolysis of RS, WW, and LD.

LD biochars produced by pyrolysis (Fig. 10a) is lower (13-21 wt% at
250-400 °C) than the ash content of LD hydrochars (45-66 wt% at
200-300 °C) produced by HTC and HTL (Fig. 8a), which could be
attributed to the proportion of ash (proximate analysis). As demon-
strated in Section 3.2, the hydrochar yield of LD is<10 wt% at HTC and
HTL conditions. Since the hydrothermal conversion (HTC and HTL)
mainly decomposes/liquefies the organic compounds in the biomass
feedstocks, the char also has a higher ash content. Although some of the
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ash can be flow out of the reactor via water, this study shows that most
remains in the hydrochar. Similarly, pyrolysis of LD provides a higher
char yield partially due to the lower ash content in the final biochar
products, as compared to hydrothermal conversion. WW biochars pro-
vided the highest increase in HHV (from 19.6 to 38.0 kJ/g), which fol-
lowed by RS (25.8 to 33.5 kJ/g). WW showed an increase in carbon
content from elemental analysis (with a minimum oxygen content level)
with an increase in pyrolysis temperature (from 50 to 85 wt%), while the
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Fig. 11. a) Weight-loss rates (%/min) of biochars produced by pyrolysis of a) RS, b) WW, and ¢) LD at different temperatures and d) Displacement of these biochars.
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carbon content of RS and LD was slightly enhanced via pyrolysis tem-
peratures (from 58 to 71 wt% and 31 to 38 wt% respectively).

Further understanding of the differences between proximate and
ultimate analysis can be gained via the thermal decomposition of bio-
chars in Fig. 11. The chemical bonds in hemicellulose, cellulose and
lignin structures of biomass feedstocks gradually degrade with
increasing temperature [20]. WW biochars produced via pyrolysis
exhibit a gradual decomposition, where the hemicellulose was
completely removed from the biochar at 300 °C (Fig. 11b). The WW
biochars produced at temperatures higher than 400 °C have solely lignin
structures (Fig. 11b), which is similar to the WW hydrochars produced
by HC (Fig. 5b). However, the thermal decomposition trends of RS and
LD biochars produced via pyrolysis (Fig. 11a and Fig. 11c) demonstrate
significant differences between the equivalent hydrochars produced via
hydrothermal conversion (Fig. 7b and Fig. 9b). The RS biochars show a
gradual decomposition, with the hemicellulose-cellulose composition
disappearing at 300 °C, cellulose-lignin composition disappearing at
400 °C, and the lignin composition partially removed at 550 °C. Simi-
larly, biopolymers in LD gradually decomposed by pyrolysis tempera-
tures and only char structure appeared at the pyrolysis temperature
above 300 °C (Fig. 11c). Fig. 11d shows the displacement level of the
biomass feedstocks under pyrolysis conditions. The char yield decreased
as the displacement level increased with an increase in the pyrolysis
temperature. The highest displacement level reached at 400 °C for all
these biomass feedstocks; was ~ 8900 for WW, ~7300 for RS, and ~
5900 for LD. The displacement level decreased for RS and WW at 550 °C.
400 °C appears to be the optimised pyrolysis temperature for RS and
WW, as the pyrolysis process has the highest impact on biochar pro-
duction with a reasonable yield.

3.3.3. Biochar produced by torrefaction

The ultimate and proximate results for biochars produced by torre-
faction are presented in Fig. 12. WW demonstrates the highest
enhancement via the torrefaction process, as the FC ratio increases from
~ 17 wt% at 220 °C to ~ 54 wt% at 280 °C. This is likely due to strong
hemicellulosic-cellulosic structures present in WW (Fig. 12a). As the
gradual thermal decomposition of lignocellulosic biomass structure be-
gins at temperatures > 180 °C [63,105,106] when the cellulosic and
hemicellulosic polymers disintegrate into monomers/oligomers [1].
During the torrefaction, the main biomass components, hemicellulose,
cellulose and lignin, gradually decompose at temperatures of
220-315 °C, 280-400 °C and 160-900 °C, respectively [17,85,107].
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Although the FC ratio of LD biochar was significantly improved during
low-temperature torrefaction (~32 to ~ 54 at 220 °C), further tem-
perature increases did not significantly increase the FC ratio. Similarly,
RS did not show a high level of thermal decomposition via the torre-
faction process, as the FC only increased slightly from ~ 14 to ~ 20 wt%
with a temperature increase from 220 to 280 °C (Fig. 12a). The carbon
content of WW and RS was enhanced by torrefaction (~22 wt% for WW,
~12 wt% for RS), but only increased by approximately 7 wt% for LD
(Fig. 12b). Carbon contents are similar to the chars produced during
pyrolysis (Fig. 10). The HHV of RS and WW biochars (Fig. 12a) shows
improvement with increasing torrefaction temperature, but not with LD
biochars.

The thermal decomposition of raw and biochars produced by torre-
faction is presented in Fig. 13a-c. Similar to pyrolysis biochars, torre-
faction biochars exhibited a gradual decomposition of hemicellulose,
cellulose and lignin structures with increasing temperature. The hemi-
cellulosic structure of RS was partially decomposed at 220 and 250 °C
and the biochars produced at 280 °C showed significant cellulosic
structures, combined with a shoulder presenting the lignin content
(Fig. 13a). This degradation could be attributed to the complete
decomposition of proteins at 220 °C and partial decomposition of sugars
at 280 °C, since proteins and sugars also endothermically decompose
between 185 and 280 °C [115] and 280-300 °C [116], respectively.
However, unlike pyrolysis, the final biochar contains significant amount
of triglycerides since thermolysis of triglycerides occurs above 300 °C
and cracking above 350 °C [117]. As for WW, thermal decomposition of
the hemicellulosic structure in WW begins at ~ 200 °C, where the partial
hydrolysis of glycosidic linkages, the decarboxylation of side chains, and
the exothermic condensation of molecules occur [108]. The hemi-
cellulosic and cellulosic structures of WW completely decomposed by
250 °C and 280 °C, respectively. Biochars produced at 280 °C therefore
consist of predominantly lignin structures (Fig. 13b, red line). The bio-
polymers in raw LD significantly decomposed at 220 °C, with shifted
char peaks, as well as showing strong char structures with increasing
temperature. A significant portion of LD was decomposed before 220
220 °C, which could be attributed to the decomposition of proteins,
which are decomposed 139-397 °C [114,116]. At higher torrefaction
temperatures 250-280 °C, a further decomposition on biopolymers
(alginate), carbohydrates/sugars, lipids occurs as the biopolymers
(alginate) decomposing at ~ 240-260 °C, carbohydrates/sugars are
decomposed at 245-312 °C, with lipids decomposing 259-470 °C
[114,116]. The displacement level of WW biochar is ~ 4000 at 220 °C
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Fig. 12. a) Proximate analysis (dry basis, A: Ash, FC: Fixed carbon, VM: Volatile matter) and Higher Heating Value (HHV), b) Elemental analysis (ash free basis C:
Carbon, O: Oxygen, H: Hydrogen and N: Nitrogen) of biochars produced by torrefaction of RS, WW, and LD.
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Fig. 13. a) Weight-loss rates (%/min) of biochars produced by torrefaction of a) RS, b) WW, and c¢) LD at different temperatures and d) Displacement of

these biochars.

increasing significantly to ~ 9400 at 280 °C. However, the increase in
the displacement level of RS and LD with increasing temperature is not
as large as WW, which was ~ 5100-6100 for RS and ~ 5500-5900 for
LD.

4. Summary of findings

Whilst there are numerous studies evaluating the different thermal
techniques, most are limited to single biomass feedstocks; olive tree
prunings [68], Miscanthus giganteus [69], straw [70,71], or mushroom
compost waste [72-74]. In terms of hydrothermal conversion, the
published manuscripts usually focused on only hydrothermal carbon-
isation as the process is mainly for hydrochar production. In this study,
on the other hand, the suitability of three different biomass feedstocks
(Whitewood, Rapeseed, and Seaweed (L. digitata)) was investigated for
hydrochar/biochar formation, using three commonly used thermal
conversion technologies; torrefaction, pyrolysis, and hydrothermal
conversion (not only HTC, but also HTL and Hydrolysis). Investigation
of energy application for the hydrochars produced via hydrothermal
liquefaction (HTL) and/or hydrothermal hydrolysis as side product is
also significantly important in order to understand the holistic ap-
proaches for full valorisation of these biomass feedstocks. This study
brings several elements of novelty in that it is the first to analyse three
very different feedstocks with three different thermal processing tech-
niques, the first to compare semi-continuous hydrothermal processing to
pyrolysis and torrefaction, and the first to look at optimising these
processes for different feedstocks and assess the applicability of the
resultant chars for bioenergy as a holistic approach. Additionally, this
study is providing how useful the “Displacement” term is for direct
comparison of these technologies regardless of feedstocks differences.
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Amongst these biomass feedstocks, WW provides the greatest po-
tential for hydrochar/biochar production across the three thermal con-
version technologies used in this work, such as the hemicellulose,
cellulose, and lignin structure of WW gradually decomposed with
increasing temperature and also had a low ash content. During hydro-
thermal conversion, WW hydrochars showed a low char yield (~10-30
wt%) but a high HHV (30 kJ/g) at HTC conditions (265 °C). Addition-
ally, biochars produced by pyrolysis at 400 °C provided a char yield
(~35 wt%) with high levels of lignin and an HHV of 34 kJ/g. Similarly,
biochars produced by torrefaction at intermediate temperatures
(~250 °C) provided high char yields (~60 wt%) with a HHV of 25 kJ/g.
Hydrochars/biochars produced by WW via hydrothermal conversion
(HTC and HTL), pyrolysis (~400 °C), and torrefaction (~250 °C) could
have a potential application in bioenergy production.

RS does not behave like WW with any of these thermal conversion
technologies. During hydrothermal conversion, it maintains chemical
composition as structure is gradually decomposed during pyrolysis.
During hydrothermal conversion, RS provides slightly a higher hydro-
char yield (~60 wt%) compared to WW. The hydrochars produced at the
HTC conditions (235-265 °C) have a high ash content (~15 wt%) with a
high HHV (~31.5 kJ/g). However, during pyrolysis, biochars produced
by RS produced a reasonable biochar yield (~40 wt%) and HHV (~34
kJ/g), with an intermediate ash content (~10 wt%) and a high level of
lignin at 400 °C. With torrefaction, RS produced a high biochar yield
(~75 wt%), but this was, in part, due to the high levels of residual
volatiles. The bioenergy application of the hydrochars/biochars pro-
duced by RS via hydrothermal conversion (HTC, HTL) and pyrolysis
depends on the value of the chemicals (or biocrude) produced and any
negative impact that might arise from the ash material in the chars
during combustion.
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LD could be used for biochemical productions through hydrothermal
conversion due to its high liquefaction yield (~87 wt%) at low tem-
peratures (200 °C). However, the hydrochars produced by LD show a
low char yield (~10 wt%), low HHV (18 kJ/g), and proportionally high
ash content (50 wt%) making it unsuitable for energy production.
Compared with WW, it is possible to produce hydrochar from lignocel-
lulosic biomass feedstocks (i.e. whitewood) under hydrothermal lique-
faction conditions, while 90 % of seaweed was decomposed just before
the defined hydrothermal carbonisation conditions (180 °C). LD does
produce a high biochar yield (56-60 wt%) during pyrolysis and torre-
faction at 250-300 °C. However, this char also contains high level of ash
content (16-17 wt%) and low HHV (14-18 kJ/g), which makes it less
desirable for energy production.

Whilst hydrothermal pressure had an insignificant effect on the
structure of hydrochars produced from WW and RS, the hydrochars
produced from LD under different pressure conditions show relatively
different char structures i.e. a significant shift in the thermal decom-
position of biopolymers was observed at the lower pressures and the
peak temperature was shifted from 295 °C (240 bar) to 344 °C (55 bar).
It can be concluded that hydrothermal process conditions (not only
temperature but also pressure) have a significant impact on different
type biomass resources.

In order to compare three thermal conversion technologies for
different type of biomass feedstocks, thermal ‘displacement’, was used
as a ‘fingerprinting’ technique for each biochar. The order of the highest
displacement levels for these biomass feedstocks under different thermal
conversion technologies were;

e WW-HC (8181) < WW-PC (8900) < WW-TC (9400)
e RS-HC (3500) < RS-TC (6100) < RS-PC (7300)
e LD-PC (5900) = LD-TC (5900) < LD-HC (7300)

Based on these displacement levels, the torrefaction technology ap-
pears to be the most promising technology for biochar formation from
whitewood as it is shows the most significant structural "upgrading’
from its original state. Biochar produced from WW in torrefaction pro-
vides high levels of displacement (WW-TC; 9400), which demonstrate
the structurally enhanced and provided a char yield (~35 wt%) with
high levels of lignin and an HHV of 34 kJ/g at 280 °C. As for the RS,
pyrolysis technology could be defined one of the most promising ther-
mal conversion technologies for biochar formation from RS, where the
biochar provides the highest displacement level (RS-PC; 7300) with 37
wt% of biochar yield, a strong lignin structure, and an HHV of 33.5 kJ/g
at 400 °C. Although it seems a linear (direct) relation between the
displacement level and quality of biochar, this is not entirely clear.
Higher displacement levels are only favourable with a high biochar
yield. If the biochar yield very low, a higher displacement is not a
favourable situation, as observed with LD. Although the highest
displacement (LD-HC; 7300) was observed with the hydrothermal con-
version, the biochar yield was<10 wt% and it was predominantly ash,
which is therefore not the best technology for the biochar/hydrochar
production. Overall, the degree of “displacement” can help to under-
stand and quantify the impact of process conditions of thermal conver-
sion technologies on biochar/hydrochar formation; however, the degree
of displacement should be collectively alongside other data including
process yield.

5. Conclusions

This is novel research which present an extensive comparative study
on how the biomass processing pathways (torrefaction, pyrolysis, and
hydrothermal conversion) and process interdependencies are influenced
by different feedstocks (WW, RS, and LD) for the optimisation of char
(hydrochar/biochar) formation and their associated bioenergy applica-
tions. Based on the comparative evaluation of char structures, hydro-
chars/biochars produced by WW via hydrothermal conversion (HTC and
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HTL), pyrolysis (~400 °C), and torrefaction (~250 °C) could have a
potential application in bioenergy production. The bioenergy applica-
tion of the hydrochars/biochars produced by RS via pyrolysis depends
on the value of the chemicals (or bio-oils) produced and any negative
impact that might arise from the ash material in the chars during com-
bustion. The bioenergy application of the hydrochars/biochars pro-
duced by LD via hydrothermal conversion, pyrolysis, and torrefaction is
limited by the high level of ash contents and low HHV values. This study
provides a clear understanding on how the thermal conversion tech-
nologies and process interdependencies influence the biochar/hydro-
char formation from different type of biomass feedstocks and their
potential application into the bioenergy production. As future work,
combustion characteristics of the most promising biochars/hydrochars
can be experimentally performed via Drop Tube Furnace (DTF) to un-
derstand the maximum capacity of these biochars in bioenergy appli-
cations. Additionally, identification of the liquid products from
hydrothermal conversion and pyrolysis will provide the optimal holistic
biomass processing approaches for each type of biomass feedstocks.
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