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Hydrothermal liquefaction (HTL) and fast/flash pyrolysis are thermochemical processes (TPs) with proven
potential to convert biomass into liquid biofuel, which can be comparable to crude oil. HTL is generally
preferred for wet biomass, while fast/flash pyrolysis is more suitable for dried biomass, as moisture
content plays a crucial role in determining the appropriate conversion method. Beyond moisture content,
the biochemical and elemental composition of biomass significantly impacts the physical and chemical
characteristics of the resulting liquid biofuels, often increasing the need for upgrading. This review pro-
vides a comprehensive comparison of HTL and fast/flash pyrolysis for converting five biomass types—
lignocellulosic biomass, microalgae, macroalgae, municipal sludge, and food waste—into liquid biofuels,
highlighting the impact of biomass composition on biofuel yield and quality. By linking biomass type,
process severity, and liquid biofuel quantity, this study offers a structured framework for selecting the

Received 15th March 2025, optimal conversion process and severity range to maximize biofuel yield in large-scale applications.
Accepted 27th May 2025 Additionally, this review identifies various organic compounds and their concentrations in liquid biofuels
DOI: 10.1039/d5gc01314c produced through HTL and fast/flash pyrolysis from different biomass sources, serving as a valuable
rsc.li/greenchem resource for developing novel multistage and selective upgrading processes.

Green foundation

1. HTL and fast/flash pyrolysis are key thermochemical processes for converting biomass into liquid biofuels. Traditionally, moisture content has guided
process selection, but this review highlights how both biomass composition and process type influence biofuel yield and quality. Expanding selection criteria
beyond moisture improves efficiency, reduces waste, and optimizes resource use.

2. With growing demand for sustainable energy, choosing the right biomass and conversion method is crucial. This review identifies optimal biomass types
for HTL and fast/flash pyrolysis, minimizing upgrading needs. By linking biomass composition to conversion efficiency, it supports efficient biofuel
production.

3. By analyzing biomass composition and its impact on biofuel quality, this review aids in developing hybrid, selective, and multistage upgrading processes.
These insights will enhance biofuel efficiency, minimize environmental impact, and drive scalable renewable energy solutions, advancing sustainable fuel
production.

1. Introduction

The continuous rise in the global population is driving indus-
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duction, providing a sustainable solution to meet global
energy needs.”> Biomass, a renewable energy source of organic
origin, is one of the primary candidates for biofuel
production.?

With the use of heat and complicated chemical reactions,
thermochemical processes (TPs) can convert biomass into bio-
fuels.* Among TPs, fast/flash pyrolysis and hydrothermal lique-
faction (HTL) show significant potential for producing liquid
biofuels from biomass. The elemental characteristics of
biomass—carbon (C), hydrogen (H), nitrogen (N), oxygen (O),
sulfur (S), along with its proximate features, moisture and ash
contents, and biochemical composition (proteins, carbo-
hydrates, and lipids)—are crucial in determining the oper-
ational conditions for HTL and fast/flash pyrolysis, as these
factors can influence both the yield and quality of the resulting
liquid biofuels.>® Each biomass type has distinct character-
istics; therefore, HTL and fast/flash pyrolysis should be opti-
mized according to these features to maximize liquid biofuel
yield and enhance its quality. For biomass to serve as an
effective feedstock for biofuel production, it must be renew-
able, cost-effective, efficient, and a reduced environmental
impact compared to conventional fossil fuels.”® This study
reviews five commonly used biomass feedstocks for biofuel
production via fast/flash pyrolysis and HTL: lignocellulosic
biomass, microalgae, macroalgae, municipal sludge, and food
waste, as they are widely recognized as renewable organic
resources with significant potential for biofuel production.

Lignocellulosic biomass, the most abundant source of
biomass for fuel production, ranks as the fourth most signifi-
cant energy source after coal, petroleum, and natural gas.’
Composed primarily of cellulose, hemicellulose, and lignin, it
offers substantial potential for biofuel production. While
lignin is highly resistant to biodegradation, cellulose and
hemicellulose can be hydrolyzed into various sugars, such as
glucose, xylose, arabinose, and galactose.'® The distinctive
composition of lignocellulosic biomass has positioned it as a
key subject in renewable energy research, especially for biofuel
production through TPs.

Algal biomass, including both microalgae and macroalgae,
stands out as a highly valuable renewable energy source due to
its exceptional photosynthetic efficiency, high biomass pro-
ductivity, and rapid growth rates compared to terrestrial
plants. Algae also excel in carbon dioxide (CO,) fixation and
oxygen (O,) production. They thrive in liquid media across
diverse climates, including marginal areas like deserts and
coastal regions, utilizing non-potable water or even wastewater.
Unlike traditional crops, algae require minimal water, do not
compete with food crops for land, and enable year-round pro-
duction with the advantage of daily harvesting.""'* Microalgae
are unicellular organisms with simple cellular structures that
can rapidly reproduce, making them ideal for biofuel pro-
duction due to their high lipid content. In contrast, macroal-
gae are multicellular, structurally complex organisms with
specialized parts like blades and holdfasts, mainly accumulat-
ing carbohydrates, which makes them suitable for biogas and
bioethanol production. Additionally, microalgae’s metabolic
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pathways can be easily engineered for higher biomass yield,
while macroalgae grow slower and rely on more complex nutri-
ent absorption systems.'® As a result of its unique properties,
algal biomass is a prominent feedstock for producing liquid
biofuels through fast/flash pyrolysis and HTL.

Municipal sludge is increasingly recognized as a renewable
energy source rather than waste due to its biochemical compo-
sition, offering significant potential for profitable biofuel
production.'®'*> Wastewater treatment plants typically produce
two types of sludge: primary and secondary. Primary sludge,
generated in the primary clarifier, contains solid materials
such as feces, biodegradable organic matter, and grease,
making it rich in lipids. Secondary sludge, or activated sludge,
is produced in the biological processes and consists mainly of
microbial cells and suspended solids, making it protein-rich.
These sludge types are often mixed and treated by anaerobic
digestion (AD) to produce biogas and digested sludge.'®
However, municipal sludge can also be processed directly via
TPs to be converted to value-added products or used as
digested sludge for biofuel production through TPs after AD.

Food waste, which accounts for nearly one-third of all food
produced for human consumption, contributes approximately
1.3 billion tonnes of waste annually, generating around 3.3
billion tonnes of CO,-equivalent greenhouse gas emissions.
Rich in organic materials, food waste is seen as an ideal
resource for bioenergy conversion and effective waste manage-
ment."”” It contains a wide range of organic components,
including starches, proteins, oils, fats, phosphates, nutrients,
amino acids, and natural acids.'® Given its rich content of pro-
teins, carbohydrates, and lipids, food waste is considered as
one of the suitable feedstocks for TPs to be converted to
biofuels.

From an economic perspective, liquid biofuel production
from biomass involves various cost components, including
biomass supply, dewatering or drying, pumping, catalysts,
phase separation, and by-product management. Among these,
biomass supply represents the largest share of the total pro-
duction cost for the resulting liquid biofuel.'® The production
costs range from US$ 20 to US$ 100 per dry tonne for ligno-
cellulosic biomass,*® between US$ 1253 and US$ 2016 per dry
ash-free tonne for microalgae cultivation,>" and from US$ 200
to US$ 300 per dry tonne for macroalgae production.?” In this
regard, municipal sludge and food waste are cost-free feed-
stocks since they are produced as waste and their production
has a direct correlation with population. As a result, the con-
version of municipal sludge and food waste into liquid bio-
fuels through fast/flash pyrolysis and HTL offers a more econ-
omical pathway compared to the use of lignocellulosic or algal
biomass. The characteristics of liquid biofuels derived from
different biomass types can vary significantly, necessitating
varying degrees of upgrading with high costs. Therefore,
decisions should factor in feedstock supply, pretreatment, and
the costs associated with upgrading the liquid biofuels. This
study does not focus on the economic aspects of feedstock and
upgrading process costs, as large-scale applications of HTL
and fast/flash pyrolysis are still in their early stages. For an
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accurate cost analysis, further research is needed to evaluate
the quality of liquid biofuels derived from different biomass
types through HTL and fast/flash pyrolysis, and to develop the
corresponding upgrading processes before scaling up these
processes.

To the best of our knowledge, no comprehensive review cur-
rently provides biomass-specific optimal process temperature
and reaction time ranges for both HTL and fast/flash pyrolysis
to maximize liquid biofuel yield. Furthermore, no study sys-
tematically identifies and compares the biomass-specific
physical and chemical quality of liquid biofuels obtained from
these processes. Moreover, a significant gap exists in the litera-
ture regarding the levels and types of organic compounds
present in liquid biofuels derived from various biomass types
through fast/flash pyrolysis and HTL. Therefore, the first objec-
tive of this review is to compare temperature, reaction time,
and efficiency in fast/flash pyrolysis and HTL across various
biomass types, focusing on liquid biofuel yield while consider-
ing the biomass’s elemental and proximate characteristics.
The second objective is to assess the physical and chemical
quality of liquid biofuels in relation to biomass biochemical
composition, identifying key organic compounds and their
concentrations in biofuels. Addressing these gaps will enhance
the understanding of biofuel production via TPs. Additionally,
analyzing the composition of organic compounds in liquid
biofuels derived from different biomass types through HTL
and fast/flash pyrolysis will pave the way for the development
of novel, more efficient, selective, scalable, and multistage
biofuel upgrading strategies. Ultimately, this comparative
review determines the most suitable biomass types for each
thermochemical pathway based on liquid biofuel character-
istics, rather than solely relying on biomass moisture as the
key factor for processing via HTL or fast/flash pyrolysis.

The structure of this review is as follows: Section 2 intro-
duces the liquid biofuels produced from fast/flash pyrolysis
(pyrolysis oil) and HTL (bio-crude oil). It also discusses the
chemical reactions occurring in fast/flash pyrolysis and HTL as
the temperature increases. Section 3 presents the expected
liquid biofuel yield ranges for HTL and fast/flash pyrolysis,
along with the corresponding temperature and reaction time
ranges for each biomass type. Subsequently, Section 4 com-
pares the physical and chemical characteristics of biofuels
derived from different biomass types. By identifying the typical
biochemical composition of each biomass type, Section 4 also
examines the organic compounds present in biofuels pro-
duced through HTL and fast/flash pyrolysis, along with their
respective levels. Section 5 discusses the biomass-specific
advantages and disadvantages of HTL and fast/flash pyrolysis,
along with the existing research gaps.

2. Thermochemical processes for
liquid biofuel production

Thermochemical processes are typically conducted under
harsh operational conditions, with temperatures ranging from
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180 to 1000 °C (ref. 23 and 24) and pressure varying between
1.013 bar (in pyrolysis) and 20-400 bar (in HTL).*>*® The
choice between HTL and fast/flash pyrolysis is currently based
on the moisture content of the biomass,>” without considering
the impact of biomass biochemical composition on the chemi-
cal characteristics of the liquid biofuels. The specific tempera-
ture, reaction time, and pressure levels in these processes are
applied based on the feedstock’s composition to maximize the
liquid biofuel yield.

2.1 Pyrolysis

With pyrolysis, biomass is thermally decomposed without
oxygen into liquid (pyrolysis oil), solid (biochar), and gases.
The pyrolysis processes yield different proportions of these
products based on the chemical reactions within feedstocks at
varying temperatures.”®>° Pyrolysis commonly occurs at temp-
eratures surpassing 300 °C, initiating intricate reactions within
biomass. The initial phase, cracking, ranging from ambient
temperature to 200 °C, is associated with the evaporation of
moisture and light volatiles. During this phase, the breakage
of bonds and the formation of hydroperoxide, -COOH, and
-CO groups occur due to moisture evaporation.’® The sub-
sequent stage, spanning from 200 to 500 °C, involves the rapid
devolatilization and decomposition of specific kinds of carbo-
hydrates, proteins, and lipids. At this stage, the generation of
oxygen-rich functional groups and repolymerization of decom-
posed compounds also occur.*"** The final stage, occurring
above 500 °C, is characterized by the degradation of lignin and
other organic matter with stronger chemical bonds and gasifi-
cation.®® Lignin degradation does not occur exclusively at
temperatures exceeding 500 °C; however, its degradation is sig-
nificantly accelerated at higher temperatures compared to that
of carbohydrates, proteins, and lipids. At all pyrolysis tempera-
tures, the degradation of all organic compounds occurs to
varying extents. During the degradation processes, all pyrolysis
products are formed; however, the yields of pyrolysis oil,
biochar, and gases are influenced by biomass characteristics,
temperature, reaction time, and heating rate.>* Since pyrolysis
oil is the primary product of fast/flash pyrolysis, this study
focuses on its yield and characteristics derived from five
different biomass types.

2.1.1. Pyrolysis oil. Pyrolysis oil serves as a renewable
biofuel capable of substituting for conventional fossil fuels
after several upgrading processes. Pyrolysis oil is characterized
as dark brown, freely flowing organic liquid consisting predo-
minantly of highly oxygenated compounds.** Pyrolysis oil can
be highly acidic based on the feedstock used for the pyrolysis
process, making it unstable and corrosive. Acidity of pyrolysis
oil can lead to challenges in transportation, piping, and
storage, as it tends to corrode most metals.*> Chemically,
pyrolysis oil is an intricate blend comprising water, and
various organic compounds, such as ketones, phenols, alde-
hydes, aliphatics, aromatics and acids, as well as lignin com-
pounds. Certain components of pyrolysis oil lead to undesir-
able traits, such as high corrosivity, poor stability, low vis-
cosity, and a low heating value, which hinder its long-term
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storage and use.*® Mainly, organic compounds like aldehydes,
ketones, and carboxylic acids have been identified as major
contributors to these undesirable features.>” However, biomass
characteristics can alter the pyrolysis oil’'s characteristics.
Based on biomass composition used in fast/flash pyrolysis and
applied operational conditions, pyrolysis oil can contain
different levels of organics,®® which is discussed in Section 4.

2.1.2 Fast/flash pyrolysis. In fast pyrolysis, biomass is
quickly heated to temperatures between 400 and 900 °C in an
oxygen-free environment. This process is marked by efficient
heat transfer, rapid heating, short vapor residence time,
specific reactor types, and careful temperature control.*® Flash
pyrolysis of biomass is characterized by rapid devolatilization
in an oxygen-free setting, fast particle heating, high reaction
temperatures between 450 and 1000 °C, and extremely short
gas residence times.*® During the fast/flash pyrolysis, organics
of the biomass are mainly converted to pyrolysis oil. Different
types of reactors can be used in fast/flash pyrolysis for conver-
sion of volatile matter (VM) of biomass to pyrolysis oil. In this
regard, Huang et al.*® analyzed the application of fast pyrolysis
to sewage sludge with 3.10 wt% fixed carbon (FC), 40.10 wt%
VM, 5.60 wt% moisture, and 56.80 wt% ash. The process was
carried out within a temperature range of 400 to 700 °C, with a
flowing gas rate varying from 50 to 300 mL min~" in a drop
tube quartz reactor. The production of pyrolysis oil was
approximately 45.30 wt% when the temperature was set at
500 °C and the sweeping gas flow rate was 300 mL min .
While the sewage sludge had high ash, the specific reactor
design led to high yield of pyrolysis oil in their study. Utilizing
microalgae with 14.59 wt% FC, 72.68 wt% VM, 4.39 wt% moist-
ure, and 8.34 wt% ash, Wang et al.** conducted fast pyrolysis
within a fluidized bed reactor at a temperature of 500 °C. They
reported 53.00 wt% yield of pyrolysis oil. For flash pyrolysis,
Makibar et al** applied flash pyrolysis on Populus nigra,
which had 14.80 wt% FC, 75.40 wt% VM, 9.30 wt% moisture,
and 0.50 wt% ash. Using a pilot-scale conical spouted bed
reactor, they operated within a temperature range of
425-525 °C and a gas flow rate of 350-360 NI min™". Their
study demonstrated the reactor’s suitability, consistently
achieving significant pyrolysis oil yields, with the maximum
reaching 69 wt% at 455 °C. Alvarez et al.*> examined flash
pyrolysis of sewage sludge, which contained 8.60 wt% FC,
54.20 wt% VM, and 37.20 wt% ash. The process was carried
out using a conical spouted bed reactor, with continuous
biomass feeding and removal of char, at temperatures span-
ning from 450 to 600 °C. The highest pyrolysis oil yield of
~50 wt% (dry basis) was achieved at 500 °C. This suggests that
reactor type is a key factor influencing pyrolysis oil yield in the
fast pyrolysis of biomass.

Biomass particle size is another crucial parameter in fast/
flash pyrolysis, as it influences both the yield of liquid biofuel
and the selection of appropriate reactor types.** In a study con-
ducted by Shen et al.,* the effect of particle size on pyrolysis
oil yield was investigated using oil mallee biomass with a com-
position of 48.40 wt% C, 6.30 wt% H, 0.10 wt% N, 45.20 wt%
O, and 0.50 wt% ash. Fast pyrolysis in a fluidized-bed reactor
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at 500 °C revealed that increasing the particle size from
0.30 mm to approximately 1.50 mm led to a reduction in pyrol-
ysis oil yield. Similarly, Guizani et al.*® conducted fast pyrolysis
of beech wood with 15.20 wt% FC, 84.30 wt% VM, 8.70 wt%
moisture, and 0.50 wt% ash in a drop-tube reactor at tempera-
tures ranging from 450 to 600 °C. Using biomass particle sizes
of 370, 490, and 640 pm, they found that gas residence time
had minimal influence on oil yield, while the highest yield was
achieved with 370 pm particles at 500 °C. These studies high-
light the importance of optimizing both particle size and
reactor configuration. Reactor type plays a pivotal role in fast/
flash pyrolysis, as it governs heat transfer efficiency and reac-
tion rates, directly impacting the extent of cracking, devolatili-
zation, and decomposition reactions. Consequently, reactor
type significantly influences pyrolysis oil yield and product dis-
tribution yield.*”*® As pyrolysis technology has advanced,
various reactor designs have been explored to improve pyrol-
ysis oil production from biomass. Each reactor type has its
own properties, potential for oil yield, and distinct advantages
and disadvantages. Various reactors have specific require-
ments for biomass particle size, which are essential for
efficient heat transfer and smooth operation. For instance, flui-
dized bed pyrolysis reactors typically require biomass particles
ranging from 2 to 6 mm, which necessitate preprocessing
steps such as cutting and grinding. Raza et al®® and
Campuzano et al.’® provide a comprehensive review of the
reactors used in pyrolysis processes for biomass processing.
Therefore, this study does not delve further into the effects of
reactor types on pyrolysis oil production via fast/flash
pyrolysis.

In fast/flash pyrolysis, biomass must be dried to a moisture
content below 15 wt% to prevent negative effects on pyrolysis
product properties. While grinding and drying improve pyrol-
ysis oil yields, they also increase costs. After proper prepa-
ration, the biomass is introduced into the reactor for pyrolysis.
The resulting char serves as a catalyst for vapor cracking, and
specialized cyclones are employed to separate the char, effec-
tively removing it from the reactor immediately after pyrolysis.
However, some small char particles may still mix with the
liquid product. To prevent further decomposition, vapors and
gases are quickly cooled using pyrolysis liquid condensers,
which cool the vapors rapidly by direct contact with pyrolysis
oil or hydrocarbon liquid.>*~>* While VM is crucial for pyrolysis
oil production, a high ash content in biomass can limit pyrol-
ysis oil yield in fast/flash pyrolysis processes by promoting
char formation.”* Therefore, before applying fast/flash pyrol-
ysis, it is essential to analyze the biomass’s VM, ash content
and composition, and moisture level to ensure it meets the
necessary prerequisites for efficient processing and optimal
liquid biofuel production. To improve the feasibility of this
process for biofuel production, further research is needed to
address energy efficiency and economic aspects of reducing
particle size. Given the high costs of milling, grinding, and
sieving biomass on an industrial scale, additional studies are
crucial to design pyrolysis reactors that effectively minimize
the impact of particle size during the conversion process.

This journal is © The Royal Society of Chemistry 2025
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Biomass characteristics, including elemental composition,
ash content, and particle size, along with pyrolysis parameters
such as reactor type, temperature, and reaction time, can sig-
nificantly affect pyrolysis oil yield. Since different biomass
types vary in elemental composition and ash content, these
differences influence the overall pyrolysis process and pyrolysis
oil yield. Table 1 presents the key characteristics of biomass
and operational conditions used in fast/flash pyrolysis for max-
imizing the pyrolysis oil yield derived from lignocellulosic
biomass, microalgae, macroalgae, municipal sludge, and food
waste. Table 1 clearly indicates that temperature is a critical
factor in pyrolysis oil yield. Contrary to common assumptions,
higher temperatures in fast/flash pyrolysis do not always
reduce pyrolysis oil yield. Instead, increasing the temperature
can enhance oil yield up to the point where gasification
becomes the dominant reaction. The optimal temperature
varies depending on biomass characteristics, heating rate, and
reactor type. Table 1 highlights that each type of biomass
needs specific temperature and residence time conditions to
maximize pyrolysis oil yield. For scaling up fast/flash pyrolysis
processes, in addition to biomass characteristics, reaction
temperature, and residence time, special attention must be
given to biomass particle size and reactor type. With numerous
variables at play, optimizing fast/flash pyrolysis at large scales
can be challenging. However, when the process is carefully
fine-tuned to match biomass characteristics, it becomes a
promising method for efficiently producing pyrolysis oil from
a diverse range of feedstocks.

2.2 Hydrothermal processes

Hydrothermal processes (HTPs) employ water as a pivotal
solvent and reactant to convert biomass into value-added pro-
ducts. This process may occur in subcritical water (T <
374.15 °C and P < 220.64 bar) and/or supercritical water (T >
374.15 °C and P > 220.64 bar), sometimes with organic co-sol-
vents, in an oxygen-free environment. In HTPs, four main pro-
ducts are aqueous phase, hydrochar, bio-crude, and gases. It
should be noted that in HTPs, four main products are gener-
ated; however, similar to pyrolysis, the yield for each product
varies in each process.’® A key advantage of HTPs over pyrol-
ysis is their ability to directly use water as a reaction medium,
which removes the need to remove moisture from biomass. As
a result, the energy consumption of HTPs compared to pyrol-
ysis can be significantly lower. In HTPs, it is typically practical
to manage feedstock with solids making up to 30 wt% of the
total weight. The maximum solid loading is determined by the
ease of preparing and pumping the feed material.
Consequently, feedstock with high moisture content still
requires dewatering but does not necessitate the extensive
drying typically needed for pyrolysis.®”

There are three main reactions in HTPs: (1) hydrolysis or
depolymerization: the temperature needed for depolymeriza-
tion in HTPs generally falls within the range of 150-250 °C,
and the temperature choice is related to the particular charac-
teristics of the feedstock being processed;®® (2) decomposition:
within HTPs, the smaller molecules produced through hydro-
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lysis undergo a sequence of thermal decomposition reactions.
These reactions include dehydration, decarboxylation, decar-
bonylation, deamination, dehydrogenation, and the selective
bond cleavage caused by high temperatures. The decompo-
sition of different groups of compounds in HTPs typically
takes place within a temperature span of 180-374 °C. Beyond
374 °C, in supercritical conditions, gasification can become
the predominant process;*® (3) repolymerization: at elevated
temperatures within HTPs, the assorted reactive fragments
generated during decomposition reactions begin to recom-
bine, giving rise to the formation of compounds present in
bio-crude oil. These reactions happen simultaneously, making
it impossible to pinpoint the exact start and end times of each
reaction. Large molecules produced through these recombina-
tion reactions are particularly instrumental in the formation of
bio-crude. In contrast, smaller molecules tend to remain in the
aqueous phase. Numerous organic molecule groups found in
bio-crude oil are the outcomes of recombination reactions
involving long-chain fatty acids.”® The products of HTP reac-
tions are affected by factors like temperature, residence time,
and the characteristics of the feedstock. As a result, the mecha-
nisms governing various aspects of HTPs are not yet fully
understood. As bio-crude oil is the primary product of HTL,
this study examines the impact of temperature and residence
time on the yield and quality of bio-crude oil produced from
various biomass types using the HTL process.

2.2.1. Biocrude-oil. Bio-crude oil is a liquid with a dark
brown color characterized by a substantial hydrocarbon
content.”’ When obtained from biomass sources, bio-crude is
considered a viable and environmentally sustainable alterna-
tive fuel source that can function as a substitute for fossil
fuels.”> Similar to pyrolysis oil, bio-crude oil comprises a
diverse range of organic compound groups, including acids,
alkanes, alkenes, aromatic hydrocarbons, aliphatics,
N-heterocyclic compounds, ketones, alcohols, esters, and
amides. Fig. 1 displays examples of organic compounds that
can be present in pyrolysis oil and bio-crude oil. The pro-
portions of these organic compounds in liquid biofuels are
significantly affected by the biochemical composition of the
biomass undergoing HTL, the precise operating conditions uti-
lized in the HTL, and the approach used for liquid biofuel sep-
aration from other products. Bio-crude oil offers versatility,
meaning that it can be further refined into a variety of end pro-
ducts, including gasoline, jet fuel, diesel, naphtha, fuel oil,
and a heavier fraction suitable for the production of engine
lubricants.”*’* Among HTL’s products, bio-crude oil is the
most feasible bio-fuel type as an alternative to fossil fuels in
industries.”>”® Therefore, with various upgrading processes
that take into account its organic acids, bio-crude oil has the
potential to become a viable alternative to conventional crude
oil.

2.2.2 Hydrothermal liquefaction. Achieving a higher yield
of bio-crude oil in the HTL process requires a delicate equili-
brium in all depolymerization, decomposition, and repolymer-
ization reactions. The operating conditions of HTL must be
intense enough to facilitate the breakdown of organic com-
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Table 1 Biomass elemental composition, ash content, and operational conditions for fast/flash pyrolysis of various biomass for maximizing pyrol-

ysis oil production

Biomass
Max.
C H N o Ash Residence Particle size pyrolysis oil
Name (Wt%) (Wt%) (Wt%) (wt%) (wt%) T (°C) time (sec) (mm) Reactor type yield (wt%)  Ref.
Lignocellulosic biomass
Kraft lignin — — — — — 399.85 — — Fixed bed 24.30 55
499.85 30.20
599.85 26.00
Wood chips — — — — — 399.85 — — 57.40
499.85 65.40
599.85 71.10
Oat straw 4411  5.98 0.62 43.65 5.64 500 0.75-2.50 0.25-0.75 Drop tube 51.16 56
600 28.51
700 8.47
Corn straw 43.12  6.19 1.44 35.68 13.57 500 0.75-2.75 52.09
600 26.30
700 9.41
Palm kernel 48.82  5.68 0.42 45.08 3.87 600 5.00-6.00 0.075-0.125  Entrained flow 73.74 6
shell
700 68.21
800 65.88
900 53.33
Microalgae
Chlorella 43.75 6.07 7.86 41.61  5.54 600 5.00-6.00 <0.105 Entrained flow 45.51 6
vulgaris
700 58.35
800 60.22
900 52.60
Scenedesmus sp.  32.10  4.80 5.30 22.10  35.20 480 2.00 2.00 Fluidized bed 55.00 57
Chlorella 45.04 6.88 6.64 29.42  8.34 500 — 0.42-0.70 Fluidized bed 53.00 41
vulgaris
remnant
Macroalgae
Saccharina 32.89 6.17 0.93 60.01  20.21 350 <3.00 0.30-0.50 Bubbling fluidized- 44.99 58
Jjaponica bed
375 40.21
400 37.41
425 30.75
450 28.40
500 26.67
Ulva lactuca 33.60 5.10 3.30 28.20  29.10 550 0.50-2.00 <1.00 Centrifugal 65.00 59
Seaweed powder 36.44 5.14 3.72 39.36  14.71 400 60.00 — Thermogravimetric 23.57 60
500 analyzer 31.87
600 36.87
700 37.99
Municipal sludge
Mixed activated  38.30  5.00 3.40 37.30 16.00 400 1.70 1 Fluidized bubbling 48.00 61
and primary bed
sludge
500 53.00
Digested sewage 25.50  4.50 4.90 25.80 37.20 450 <1.00 0.50-3.00 Conical spouted bed ~ 45.00 43
sludge
500 48.00
600 47.00
Sewage sludge 40.60  7.10 7.70 41.20 37.20 450 <100.00 ms  0.50-3.00 Conical spouted bed  44.80 62
500 reactor 48.50
600 45.40
Food waste
Waste fish oil — — — — — 525 17.00 — Continuous pilot 72.83 63
plant tubular
Potato peel 43.80 6.00 4.10 46.20  9.30 450 8.00 1 Laboratory auger 22.70 64
waste
Potato peel 47.80  6.40 4.00 41.80  6.50 25.60
waste residue
Grape seeds 50.90 5.40 2.50 36.90 4.10 750 600.00 — Oven 28.92 65
powder
850 32.56
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Fig. 1 Organic compounds that may exist in pyrolysis oil and biocrude oil derived from different biomass.

pounds into the constituents that contribute to bio-crude oil
formation. However, it is equally important to avoid excessively
severe conditions, as heightened temperatures may result in
the decomposition of bio-crude oil into gaseous products.
Striking the right balance is essential for the effective optimiz-
ation of the HTL process.*
meters, including temperature, reaction time, solvent type,

Thus, optimizing operational para-

and pressure are crucial steps for the HTL process efficiency.
Instead of utilizing the moisture of biomass as the solvent,
organic solvents are also investigated in HTL as they play a key
role in bio-crude oil yield. The selection of solvent affects both
the temperature needed to achieve the maximum bio-crude
yield in the HTL process and the overall yield of bio-crude oil.
Numerous studies have demonstrated that using biomass
moisture or water as the sole solvent typically results in lower
yields of water-insoluble oily products compared to organic
isopropanol, and
By using alcohol or acetone as solvent, it is poss-

such as
78-81

solvents methanol, ethanol,
acetone.
ible to reach supercritical conditions at lower temperatures.
This is primarily attributed to the high critical temperature
and dielectric constant of water, which limits its ability to
effectively  dissolve  hydrophobic, high-molecular-weight
decomposition products from biomass components like cell-
ulose, hemicellulose, and lignin.**

larly alcohols—exhibit several advantageous properties for the

Organic solvents—particu-

HTL process. Alcoholic solvents possess lower critical tempera-
tures and pressures compared to water, enabling liquefaction

This journal is © The Royal Society of Chemistry 2025

N-heterocyclics Alkenes / \
O NN Dodec-1-ene WAAMA Dodecane  AAAAA > ;\>——\ G/
R e WWWA Tetradecane 3| W 2-Methvicvclopent.2-
= lndo{e 2-Methylpyridine | [#0¢ Cyclopent-2-enone enone
‘ \L < Pentadec-1-eny.c MWWy || oo iecane CH 0
| ) ™ o Cyclopentadecanone
> A en L )—{ ) |Nonadec-1-ene y.c MVWWWA ., H
s e . Bisaoces é RN, A
rbazole ,3-Dimethylcyclopent-2-enone
Icos-1- . o 3.
S S—™M R coviene Icosane Hiydrony.3 ~ OH
< 7 $ methylcycloper 1 1
e X CA Tricos-1-ene o | (— H | e e | -
: CH CH
~
K Harman 2,$-Omethyipyndnd " / N / K 2-Hydroxy-3,4,5-trimethoxypentanal
i ) . N\ ( ; N
( Acids Alcohols { Aliphatics
o~ NI . >
/
_3-Methylbutanoic acid 2:Methyhexanoic acid ) | _Furan-2-yimethanol ¢-Ethidecene-4.5-dloyl  Dodecane 34-Dhydrony-L-butene |
/ Phenols \ / Amides \ / Esters \ / Aromatic compounds \
Acetamide © =< Methyl 2- A \
NH . methylbutanoate [ \) \\/
H ~ S
3-Ethyl-S-methyiphenol  4-Methylphenol Pyrrolidin-2-one (j Methyl 2- Cyclohexane Indene 2-Methyl-1H-indene
o oxopentanoate
—O- O [fomsmen LI T OO0
it utarimide 0
H Methyl 3-methyl- W .
1-Chioro-4 4 Evhndohanal 2-oropentanoate " . o
vip 0 ne
. . R v tyr 1-{Prop-1-enyljbenzene  1-Pentylbenzene
NH Methyi12- o, .
(;O %j\/ H @{ snamide HO methyltridecanoate | NI en Oe
" OCH N
2-Methylphenol / [Stearamide oty Formets WY N ’
S-Methoxytetralin  3,5-Dimethoxyphenol .
| K j \ / 1-Hexylbenzene Toluene Phenanthrene
4,38,40,77

under milder reaction conditions. Moreover, their lower dielec-
tric constants enhance the solubility of non-polar, fragmented
biomass products, thereby improving the efficiency of the
liquefaction process and increasing biocrude oil yields.**®* In
this context, Li et al.® assessed the effect of using acetone,
ethanol, and methanol as solvents on the bio-crude oil yield
from HTL of sewage sludge at temperatures ranging from 280
to 360 °C. The highest yields were 42.3 wt% at 360 °C with
ethanol, 43.1 wt% at 360 °C with acetone, and 26.3 wt% at
280 °C with methanol. Singh et al.®® evaluated the impact of
water, ethanol, and methanol as solvents for HTL of Ulva fas-
ciata at 300 °C for 15 minutes. Methanol produced the highest
bio-crude yield.

Additionally, organic solvents can act as hydrogen donors
during HTL, stabilizing reactive intermediates and suppressing
repolymerization reactions, which would otherwise reduce the
biocrude yield and increase the formation of char and gaseous
byproducts.®””®® It should be noted that while organic solvents
enhance liquefaction conditions, they do not provide the cata-
lytic H" and OH™ ions that water generates at high tempera-
tures, which play a crucial role in hydrolysis reactions during
HTL. To address this, several studies have explored the use of
mixed solvent systems, combining water with organic solvents
to simultaneously leverage the catalytic benefits of water and
the solubilizing, stabilizing effects of alcohols and other
organics. This co-solvent strategy has shown promise in opti-
mizing biocrude yield and quality by balancing hydrolysis and
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stabilization pathways during HTL.* In this regard, Li et al.*
applied HTL to secondary sludge with a moisture content of
83.05 wt% using three different solvents: pure water, a
1:1 mixture of water and n-hexane, and a 1: 1 mixture of water
and methanol. The experiments were conducted at tempera-
tures ranging from 300 °C to 380 °C and reaction times of
0-60 minutes. They found that the maximum bio-crude yields
were 37.1 wt% at 340 °C for 20 minutes with pure water,
46.5 wt% at 340 °C for 40 minutes with the water/methanol
mixture, and 39.3 wt% at 340 °C for 0 minutes using the
water/n-hexane mixture. Han et al®' used HTL to convert
microalgae with 90 wt% moisture in the reactor into bio-crude
oil. The reaction was carried out in a reactor at temperatures of
275 °C, 300 °C, and 350 °C for 30 minutes, using pure water,
10% isopropyl alcohol, and 10% ethylene glycol as co-solvents.
The highest bio-crude yields reported were 29.9 wt% at 325 °C
with water, 35.4 wt% at 350 °C with isopropyl alcohol, and
30.4 wt% at 350 °C with ethylene glycol. Yan et al®* used
kitchen food waste as the feedstock for the HTL process, con-
ducted at temperatures ranging from 240 to 280 °C for
30 minutes with varying percentages of ethanol as the co-
solvent. They found that up to 50% (v/v) of ethanol had no sig-
nificant effect on the bio-crude yield. However, when 62.5%
(v/v) ethanol was used, the bio-crude oil yield increased by
about 115% compared to using pure water as the solvent.

It can be argued that the reaction environment plays a key
role in optimizing bio-crude yield during the HTL process. For
lignocellulosic biomass, food waste, and macroalgae, an alka-
line solvent may be more advantageous compared to micro-
algae and municipal sludge when producing bio-crude oil. For
instance, Biller and Ross®® conducted HTL on microalgae and
cyanobacteria with varying compositions: two rich in protein
and lipids and two rich in protein and carbohydrates. The
process was performed at 350 °C using water, 1 M sodium car-
bonate, and 1 M formic acid as solvents. They found that
lipids and proteins were efficiently converted into bio-crude
with water, while carbohydrates showed improved conversion
with Na,CO;. Indeed, different types of biomass exhibit
varying behaviors during HTL with different solvents. Solvents
not only influence the bio-crude yield but can also alter the
characteristics of the liquid products. Therefore, solvent selec-
tion is highly dependent on the biochemical composition of
the biomass as well as the temperature and pressure con-
ditions of the HTL process. While the use of appropriate sol-
vents can positively influence bio-crude oil yield, selecting an
unsuitable solvent may merely increase the overall cost of the
HTL conversion without providing any significant improve-
ment in bio-crude oil yield. Further research into developing
biomass-specific solvent selection strategies could help ident-
ify the most appropriate solvents for each biomass type in the
HTL process, while also considering the potential additional
costs to overall liquid biofuel production.

The conversion of lignocellulosic biomass, microalgae,
macroalgae, municipal sludge, and food waste along with their
elemental and proximate composition at different HTL con-
ditions is presented in Table 2. Each biomass type requires
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specific HTL operational conditions to be converted to the
maximum amount of bio-crude oil. Further, the maximum bio-
crude oil yield varies based on biomass composition. The HTL
process is generally less complex than fast/flash pyrolysis in
terms of biomass particle size and reactor type for liquid biofuel
production. However, similar to fast/flash pyrolysis, the presence
of ash in biomass may limit bio-crude yield, as ash tends to
promote the formation of more hydrochar during the HTL
process.”® It is worth mentioning that a higher ash content in
biomass does not necessarily result in a lower bio-crude oil yield,
as the ash composition and specific operational conditions can
have a significant impact on maximizing bio-crude oil yield in
the HTL process, which is discussed in Section 3. Table 2 indi-
cates that the solvent, along with temperature and reaction time,
can be key parameters for bio-crude oil yield in HTL. For large-
scale applications, optimizing temperature and reaction time
based on biomass characteristics is crucial. In the context of sol-
vents, it is important to note that they are biomass-specific in
the HTL process. While using co-solvents or alternative solvents
instead of biomass moisture may improve the bio-crude oil yield,
it is essential to evaluate their long-term costs and impact on
HTL product characteristics. The HTL process produces a sub-
stantial amount of aqueous phase (HTL-AP) alongside bio-crude
oil, and managing HTL-AP remains a significant bottleneck in
the process.”> While there is a comprehensive review on valoriza-
tion techniques for HTL-AP,”® much remains unknown about
the effects of solvents on HTL-AP characteristics for valorization.
Therefore, further studies are essential to investigate the impact
of solvents on the characteristics of HTL-AP and to explore poten-
tial valorization techniques, all while maximizing bio-crude oil
yield and analyzing its quality.

As biomass contains carbohydrates and proteins, the
Maillard reaction occurs in HTL and it has significant effects on
products’ yields and quality.'*® The Maillard reaction between
hydrolyzed carbohydrates and hydrolyzed proteins occurs during
HTL and/or pyrolysis processing of biomass, generating
N-containing compounds.'™ In a study conducted by Fan
et al.,"** the impact of the Maillard reaction on bio-crude yield at
250 °C, 300 °C, and 350 °C was examined. At 350 °C, bio-crude
yields were 15.20 wt% for lactose, 13.00 wt% for maltose, and
19.70 wt% for lysine. However, combining lysine with sugars sig-
nificantly increased yields to 58.00 wt% for lactose and lysine,
and 59.90 wt% for maltose and lysine. These findings highlight
the role of the Maillard reaction in enhancing bio-crude yield.
Additionally, Tang et al.'* found that the highest bio-crude yield
was achieved at 280 °C with a 60-minute retention time using a
3:1 protein-to-glucose ratio, suggesting that optimizing this
ratio enhances bio-crude production. Studies on model com-
pounds in HTL consistently reveal that a combination of lipids,
proteins, and carbohydrates can improve bio-crude oil yield. In
this regard, Lu et al.''® explored the effect of substrate compo-
sition on HTL products by analyzing individual and mixed
model compounds, including soybean oil (lipids), soy protein
(proteins), cellulose, xylose, and lignin, at 350 °C for
30 minutes. For individual model compounds, the bio-crude
yields were 82.00 wt% for lipids, 21.10 wt% for proteins,

This journal is © The Royal Society of Chemistry 2025
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4.60 wt% for cellulose, 6.60 wt% for xylose, and 1.40 wt% for
lignin. In dual mixtures, combining proteins with carbohydrates
or proteins with lignin resulted in higher bio-crude yields, while
cellulose and xylose did not show significant effects. A counter-
productive interaction was found when lipids were mixed with
lignin, suggesting mutual hindrance in conversion. This under-
scores the significance of maintaining a well-balanced elemental
composition influence in the HTL process to leverage synergistic
effects and optimize the conversion of biomass into bio-crude
oil. Therefore, it becomes apparent that the biomass compo-
sition significantly influences the production of bio-crude oil.
Optimizing the conversion of carbohydrates and proteins into
bio-crude relies on specific ratios to leverage the Maillard reac-
tion. The literature is limited in providing insights into the
optimal carbohydrate-to-protein ratio in HTL studies. Further
research is needed to determine the ideal carbohydrate-to-
protein-to-lipid ratio in the HTL process. This will facilitate the
development of cost-effective pretreatment methods to adjust
the biochemical composition of biomass, especially waste
biomass, leading to optimized bio-crude oil production. The
effects of the biochemical composition of biomass on liquid
biofuel characteristics are discussed further in Section 4.

3. Comparison of thermochemical
process severity for maximizing
biofuel yield

Tables 1 and 2 show that lignocellulosic and algal biomass,
municipal sludge, and food waste have been extensively
explored for liquid biofuel production using both HTL and
fast/flash pyrolysis, regardless of biomass moisture levels. The
varying levels of C, H, N, O, S, and ash in biomass influence
pyrolysis oil and bio-crude oil yields. Fig. 2 illustrates the
average distribution of these elements and ash in different
biomass types. Table 3 summarizes the yields of liquid bio-
fuels obtained from fast/flash pyrolysis and HTL of ligno-
cellulosic biomass, microalgae, macroalgae, municipal sludge,
and food waste, without the use of catalysts or co-solvents in
either process. Based on Fig. 2 and Table 3, C and H levels are
directly linked to liquid biofuel yields, meaning that higher C
and H content in biomass results in greater biofuel pro-
duction. However, the unavoidable presence of O and N sig-
nificantly affects biofuel quality, as discussed in Section 4.

In the context of TPs that predominantly generate liquid
biofuels, as summarized in Table 3, microalgae exhibit higher
yields compared to other biomass types in both fast/flash
pyrolysis and HTL. This high yield from microalgae is likely
due to its relatively higher C content compared to other
biomass sources as demonstrated in Fig. 2. While ligno-
cellulosic biomass and macroalgae yield more liquid biofuel in
fast/flash pyrolysis than in HTL, municipal sludge and food
waste generate similar liquid biofuel yields in both processes.

Table 3 and Fig. 2 suggest that although a high carbon
content in biomass can lead to increased liquid biofuel pro-

This journal is © The Royal Society of Chemistry 2025
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Table 3 The dry basis yield range of liquid biofuels from the fast/flash pyrolysis and HTL processes of different biomass without using catalysts

Biomass

Thermochemical process

Yield of pyrolysis oil (wt%)

Yield of bio-crude (wt%)

Lignocellulosic biomass

Microalgae

Macroalga

Municipal sludge

Food waste

Fast/flash pyrolysis
HTL

Fast/flash pyrolysis
HTL

Fast/flash pyrolysis
HTL

Fast/flash pyrolysis
HTL

Fast/flash pyrolysis
HTL

This journal is © The Royal Society of Chemistry 2025

14.5-54.7

39.6-65.4

25.3-52.9

21.5-43.5

13.0-49.2

15.6-31.1

24.4-44.6

9.4-28.1

18.1-40.5

15.2-52.1
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duction, a high ash content does not necessarily have a nega-
tive effect on liquid biofuel yields in fast/flash pyrolysis and
HTL. This is evidenced by municipal sludge, which has a high
ash content, and food waste, which has a low ash content, pro-
ducing comparable amounts of liquid biofuels. The ash in
biomass is predominantly composed of inorganic matter, with
its composition being strongly influenced by both the source
of the biomass and the environmental conditions under which
it is produced.’””® While these inorganics are largely retained
in the solid products of HTL and fast/flash pyrolysis, they can
also influence the yield of liquid biofuels.*

To gain deeper insights into the role of inorganics in liquid
biofuel production, the optimal strategy involves supplement-
ing the feedstock with additional inorganic materials and con-
ducting HTL and/or fast/flash pyrolysis to evaluate their syner-
gistic or antagonistic effects on biofuel yield.""”* In this
context, iron (Fe) serves as an effective transition metal cata-
lyst, substantially enhancing the yield of liquid biofuels.
Kandasamy et al.'”® reported that adding 0.45 g of Fe;O, to
33 mL of slurry containing 10-11 wt% dried microalgae
increased the bio-crude oil yield in the HTL process by
approximately 9% compared to a run without Fe;0,. In
another study, Malins et al.'’® investigated the effects of three
metal catalysts—RANEY® nickel, FeSO,;, and MoS,—on bio-
crude oil production from municipal sludge via HTL at temp-
eratures ranging from 200 to 350 °C and reaction times
between 10 and 100 minutes. All catalysts were applied at a
loading of 5 wt% relative to the dried sludge mass. The find-
ings indicated that FeSO, produced the greatest improvement
in bio-crude oil yield. Xu et al."”” similarly observed a notable
enhancement in bio-crude oil yield from lignocellulosic
biomass when employing an Fe-based catalyst during the HTL
process conducted at 349.85 °C for 40 minutes. Huang et al.’’®
reported that the addition of an Fe-based catalyst at 5 wt% of
the dried sludge mass during fast pyrolysis of municipal
sludge enhanced the pyrolysis oil yield by about 6% relative to
the catalyst-free process. Chen et al.'”® confirmed that incor-
porating a cobalt (Co)-based catalyst, a transition metal, at
10 wt% of the microalgae mass markedly enhanced the bio-
crude oil yield in HTL conducted at 320 °C for 30 minutes.
The study further revealed that the Co-based catalyst promoted
the conversion of carbohydrates. Furthermore, Qian et al.**°
reported that Zn>* facilitated the hydrolysis of carbohydrates
and lignin while also promoting deoxygenation reactions.
Likewise, a range of transition metals—including Cr**, Co*",
cu*", Fe?", Fe**, Mn?", Ni**, and Zn®>*—have exhibited similar
catalytic activities. These effects involve accelerating carbo-
hydrate hydrolysis, facilitating the dehydration of monosac-
charides (e.g, glucose and xylose) into furfural derivatives, pro-
moting the formation of organic acids such as lactic, levulinic,
and formic acids, and breaking down heavy compounds into
low-molecular-weight products within liquid biofuels pro-
duced through HTL and fast/flash pyrolysis.'®' "% 1t should be
emphasized that the catalytic efficiency of transition metals is
strongly influenced by both their specific type and concen-
tration. From the literature, it can be concluded that when
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biomass contains up to 10 wt% of transition metals based on
its total dried weight, the ash content is more likely to have a
beneficial effect on liquid biofuel yield in both HTL and fast/
flash pyrolysis.

Post-transition metals such as aluminum (Al) and lead (Pb)
have demonstrated catalytic effects comparable to transition
metals, promoting the depolymerization, decomposition, and
repolymerization of carbohydrates and lignin, which contrib-
utes to enhanced liquid biofuel yields during HTL and fast/
flash pyrolysis of biomass.'®”'*® Conversely, alkali and alka-
line earth metals—including Na‘, K*, Li*, Ca®*", Ba®**, and
Mg**—have been shown to either enhance or reduce liquid
biofuel yield by affecting repolymerization reactions in the
HTL and fast/flash pyrolysis of biomass."®>'°° The alkali and
alkaline earth metals found in biomass ash predominantly
promote the hydrolysis of lipids, carbohydrates, and lignin,
enhance fatty acid decarboxylation, facilitate dehydration and
hydrogenation reactions, and contribute to Maillard reactions.
Nevertheless, their effectiveness in cleaving peptide bonds
within proteins is relatively limited.””'**'*! As a result, the
presence of alkali metals can have both beneficial and adverse
impacts on liquid biofuel yield during HTL and/or fast/flash
pyrolysis, depending on their concentration and interaction
with biomass components. In summary, the ash composition
of biomass is highly influential in either promoting or hinder-
ing key reactions—such as depolymerization, decomposition,
and repolymerization—that affect liquid biofuel yield in fast/
flash pyrolysis and HTL processes. Nonetheless, it is important
to recognize that the organic fraction of biomass, along with
its specific composition, remains the primary factor governing
liquid biofuel production.

Among effective operating parameters in liquid biofuel
yield, temperature and residence time are the most practical
parameters to be optimized in the HTL and fast/flash pyrolysis
processes.'”>™'%® Temperature and reaction time can affect
pressure, reactor design, and the amount of energy required
for TPs. The correlation between temperature and reaction
time can be defined as the severity of TPs. Severity can be cal-
culated by eqn (1).%"%°

Severity = log [Z ti X exp (7}14771500)} (1)

i=1

In eqn (1), n represents the number of treatment stages
applied in TPs, ¢; is the reaction time in minutes, excluding
ramping and cooling time, and T; is the reaction temperature
in degrees Celsius (°C). For example, conducting an HTL run
at 350 °C for 15 minutes would result in a severity factor of
log {15 X exp (LO _ 100)} = 8.54.

14.75

Fig. 3 illustrates the temperature range and reaction time
for fast/flash pyrolysis and HTL for maximizing liquid biofuel
yield for each type of biomass. It is generally accepted that
fast/flash pyrolysis requires harsher process conditions than
HTL for liquid biofuel production from biomass.?”>°%>°!
Presence of water in HTL may facilitate organics conversion at

This journal is © The Royal Society of Chemistry 2025
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microalgae;

lower process severity. However, as shown in Fig. 3, the severity
of the process is biomass-specific. To maximize liquid biofuel
yield from lignocellulosic biomass, microalgae, municipal
sludge, and food waste, more severe conditions are required in
fast/flash pyrolysis compared to HTL. However, macroalgae
can be converted to pyrolysis oil under conditions similar to
those required for HTL to produce bio-crude oil. Interestingly,
municipal sludge requires harsher conditions in both fast/
flash pyrolysis and HTL compared to lignocellulosic biomass,
algal biomass, and food waste to achieve optimal liquid
biofuel yields. Therefore, to optimize the HTL and/or fast/flash
pyrolysis processes for maximizing liquid biofuel production
from biomass, a specific range of severity given in Fig. 3, can
be tested based on the biomass type. As discussed in Section
4.4, proteins, carbohydrates, and lipids are decomposed at
different temperatures, and the biomass’ biochemical compo-
sition, particularly the ratio of carbohydrates, proteins, and
lipids may have a significant impact on the optimum process
severity for maximizing liquid biofuels yield in TPs.

In conclusion, in this section, the analysis of literature
results suggests that the optimal process severity in fast/flash
pyrolysis and HTL depends largely on the biomass types.
Therefore, recommendations have been made for the tempera-

This journal is © The Royal Society of Chemistry 2025

6,57,160,215-229

.58-60,103,104,230-241

(c) macroalgae; (d) municipal

ture, reaction time, and severity ranges suitable for each
biomass in fast/flash pyrolysis and HTL for maximizing liquid
biofuel yield for each biomass type (lignocellulosic biomass,
microalgae, macroalgae, municipal sludge, and food waste).
Another important consideration is that achieving the highest
biofuel yield does not always equate to the best biofuel quality.
Therefore, the following sections evaluate the biofuel physical
and chemical quality produced from the five biomass types via
fast/flash pyrolysis and HTL.

4. Physical and chemical
characteristics comparison of bio-
crude oil and pyrolysis oil

Higher heating value (HHV) is one of the most significant
parameters for the quality analysis of biofuels. HHV is the
quantity of heat released by a unit mass or volume of fuel
(mainly at 25 °C) upon combustion, with the resulting pro-
ducts subsequently cooling back to a temperature of 25 °C.
This value includes the latent heat of the vaporization of
water. HHV can be measured using a bomb calorimeter

Green Chem., 2025, 27, 7009-7041 | 7021
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according to the American society for testing and materials
(ASTM) standard D-2015 (which was withdrawn by ASTM in
2000 and not replaced) or calculated using the Dulong formula
or the Milne formula.?”*”> While the presence of H and C is
critical for liquid biofuels, the presence of O and N can
adversely affect the liquid biofuel quality by causing corrosion,
NO, emission, and catalyst fouling during upgrading pro-
cesses.””® Therefore, hydrogen-to-carbon ratio (H/C), oxygen-
to-carbon ratio (O/C), carbon-to-nitrogen ratio (C/N), HHYV,
density, pH, levels of organic compounds, and viscosity of
liquid biofuels are among the main parameters that should be
evaluated regarding the quality of the liquid biofuel.
Temperature and the reaction time are highly effective on
the deoxygenation and denitrogenation efficiency. By increas-
ing the process temperature, the H content changes slightly,
but the O percentage decreases due to enhanced deoxygena-
tion. Consequently, the C percentage increases at higher temp-
eratures. This results in a reduction of the H/C and O/C ratios
in the bio-crude with increasing temperature.”’* However,
liquid biofuel production decreases at high temperatures,
resulting in less liquid biofuel, as indicated in Table 1 for fast/
flash pyrolysis and Table 2 for HTL. Feedstock type also plays a
key role in deoxygenation and denitrogenation during HTL
and fast/flash pyrolysis. Since the feedstock for the HTL and
pyrolysis processes is biomass, the presence of N-containing
and oxygenated compounds is unavoidable in the liquid
biofuel, affecting the density, thermal stability, acidity, HHV,
and viscosity of the liquid biofuels.>”>*”® Based on the van
Krevelen diagram depicted in Fig. 4, both fast/flash pyrolysis
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v Macroalgae
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Fig. 4 van Krevelen diagram of various biomass and their (a) pyrolysis oi
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and HTL can decrease the H/C and O/C ratios of the feedstocks
if appropriate operational conditions are applied. Therefore, it
can be said that it is worth applying fast/flash pyrolysis or HTL
to biomass as they can produce liquid biofuels with much
higher energy potential compared to biomass itself.

In Table 4, HHV, density, and moisture of pyrolysis oil
obtained from the fast/flash pyrolysis and bio-crude oil gener-
ated by the HTL process of lignocellulosic biomass, micro-
algae, macroalgae, municipal sludge, and food waste are com-
pared. As can be seen, pyrolysis oil has lower HVV compared
to bio-crude oil in all types of feedstocks. High ash content
may limit the liquid biofuel yield—as shown in Tables 1 and 2
for HTL and fast/flash pyrolysis, respectively—by promoting
char formation. However, the presence of ash in biomass does
not significantly affect the energy potential of the resulting
biofuels, as indicated in Table 4. Therefore, biomass with high
ash content, such as municipal sludge and macroalgae, can
still be utilized for biofuel production via fast/flash pyrolysis
and HTL without negatively impacting the energy quality of
the biofuels.

4.1 Hydrogen-to-carbon and oxygen-to-carbon ratios of liquid
biofuels

According to the van Krevelen diagram depicted in Fig. 4,
while dehydrogenation is limited in both fast/flash pyrolysis
and HTL, deoxygenation is much more intense in HTL com-
pared to fast/flash pyrolysis. In this regard, Mullen et al.*>®
applied fast pyrolysis at 500 °C to corn stover with H/C, O/C,
and HHV of 1.27, 0.64, and 18.3 MJ kg™', respectively, and
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0il 97:98:101-103,105,107.109-111,128,150,169,190,257,254,279-283 p_oj|-Bjomass name: pyrolysis oil derived from that biomass; B-oil-Biomass name: Bio-crude

oil derived from that biomass.
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obtained pyrolysis oil with H/C, O/C and HHV of 1.52, 0.52,
and 24.3 MJ kg ", respectively. On the other hand, Mathanker
et al.®” applied HTL at 375 °C to corn stover with H/C, O/C
ratios, and HHV of 1.59, 0.86, and 14.14 M]J kg_l, respectively,
and produced bio-crude oil with H/C, O/C, and HHV of 1.29,
0.13, and 35.13 MJ kg™ Similarly, Merdun et al.'®" tested fast
pyrolysis on mixed primary and secondary sludge with H/C,
0/C, and HHV of 0.15, 1.34, and 17.35 MJ kg™, respectively,
and generated pyrolysis oil with H/C and O/C of 3.04 and 0.89,
respectively. On the contrary, Liu et al.'®” examined the effect
of HTL on mixed sludge with H/C, O/C, and HHV of 1.41, 0.51,
and 19.9 MJ kg™, respectively, and produced bio-crude oil
with H/C, O/C, and HHV of 1.33, 0.006, and 33.1 MJ kg™*,
respectively. These studies have supported the fact that liquid
oil produced by the HTL process has higher HHV and lower
H/C and O/C ratios compared to fast/flash pyrolysis, requiring
less intense post-upgrading processes. Higher deoxygenation
of biomass during the HTL process can be beneficial for the
upgrading processes.

According to Fig. 4, municipal sludge and food waste have
a lower O/C ratio than lignocellulosic biomass, microalgae,
and macroalgae in the pyrolysis and HTL processes. The HTL
process can produce bio-crude oil from municipal sludge that
is comparable to crude oil regarding H/C and O/C values,'®”
from food waste''! and microalgae®®' regarding H/C value.
Notably, pyrolysis of macroalgae generally produces higher-
quality liquid biofuel compared to HTL in terms of H/C and
O/C values. Fast/flash pyrolysis of municipal sludge and ligno-
cellulosic biomass can produce liquid biofuels with lower H/C
and higher O/C ratios than feedstock, highlighting the influ-
ence of process severity on these biomass types. In contrast,
HTL consistently improves H/C and O/C ratios across various
biomass types and operational conditions. Thus, the choice
between fast/flash pyrolysis and HTL significantly affects the
H/C and O/C ratios of the resulting biofuel. Trying to optimize
many variables in fast/flash pyrolysis, including biomass par-
ticle size, reactor type, and process severity, can make it chal-
lenging to improve the H/C and O/C ratios of liquid biofuels.
In contrast, HTL offers more consistent improvements in these
ratios across various biomass sources as it has limited
variables.

As shown in Table 5, bio-crude oil derived from municipal
sludge and food waste has an O/C value closest to that of
crude oil among the different feedstocks. This suggests that
these biomass types can be processed via HTL with minimal
need for upgrading. In contrast, liquid biofuels derived from
lignocellulosic biomass, microalgae, and macroalgae through
both fast/flash pyrolysis and HTL require significant upgrading
to remove oxygenated compounds, as their O/C ratios are con-
siderably higher than that of crude oil.

4.2 Carbon-to-nitrogen ratio of liquid biofuels

The N content of the produced liquid biofuels is another criti-
cal parameter affecting their quality. When biomass contains a
high amount of protein, the resulting liquid biofuel will have a
high N content.>* A greater C/N ratio of the liquid fuel is
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Table 5 Comparison of pyrolysis oil and bio-crude oil properties from
various biomass sources

Properties Crude oil**7258
o/C 0.001

H/C 1.68

C/N 507-967

HHV (M]J kg™ ") 41.7-47

pH N/A

Moisture (wWt%) <1

Density (g ml™) 0.85-0.90

Pyrolysis oil” Bio-crude oil®

Lignocellulosic biomass

0O/C 0.20-1.10 0.15-0.45
H/C 1.20-2.00 1.00-1.36
C/N 20-205 50-300
HHV (M] kg™}) 13-32 19-36
pH 2.5-4.9 N/A
Moisture (Wt%) 9-29 1-5
Density (g ml™) 1.05-1.18 1.01-1.15
Microalgae
O/C 0.20-0.35 0.10-0.30
H/C 1.50-1.80 1.35-1.70
C/N 6.10-16.40 11.00-17.15
HHV (M] kg™ ") 23-33 24-37
pH 9.3-10.2 N/A
Moisture (Wt%) 15-60 1-5
Density (g ml™") N/A N/A
Macroalgae
O/C 0.15-0.40 0.10-0.35
H/C 1.35-1.63 1.20-1.40
C/N 18.20-40.20 14.60-45.00
HHV (M] kg™ 24-34 21-34
pH 3.3-6 N/A
Moisture (Wt%) 25-35 2-10
Density (g ml™") ~1 ~1
Municipal sludge
O/C 0.15-0.70 0.005-0.15
H/C 1.35-2.60 1.40-1.65
C/N 6.50-11.50 15.00-30.05
HHV (M] kg™ 16-28 30-38
pH 3.5-8.5 N/A
Moisture (Wt%) 15-79 N/A
Density (g ml™") ~1 ~1
Food waste
O/C 0.10-0.35 0.09-0.20
H/C 0.90-1.70 1.01-1.90
C/N 12.35-45.30 15-380
HHV (M] kg™ ") 15-32 32-42
pH 3-9 N/A
Moisture (Wt%) 50-80 0.3-4
Density (g ml™") 1-1.50 <1

“Data are gathered and analyzed from ref. 40, 41, 55, 57-59, 62, 64, 65,
158-163, 213, 218, 233, 263, 264, 278, 284, 289-295. ” See ref. 89, 93,
97, 98, 101-103, 105, 107, 109-111, 128, 130, 169, 190, 213, 234, 237,
254, 281, 282, 296-300.

favorable as the C/N ratio of crude oil varies between
507-967.2°> Lower C/N ratios can result in NO, emissions
when the liquid biofuel is burned,*® as well as several other
issues, such as increased viscosity, instability leading to cross-
linking or oligomerization, and catalyst poisoning in standard
refining processes.’®* Therefore, appropriate post-upgrading
processes should be applied when the N content of the liquid
biofuel is high. As can be seen from Table 5, among five
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reviewed feedstocks, pyrolysis oil and bio-crude oil derived
from microalgae and municipal sludge contains high N
content compared to lignocellulosic, macroalgae, and food
waste derived liquid biofuels. Compared to fast/flash pyrolysis,
the C/N ratio of bio-crude oil produced from the same feed-
stocks in the HTL process is significantly higher, indicating
that HTL is more effective at mitigating the impact of high N
content in biomass on the resulting liquid biofuel.

In conclusion, in this section, the analysis of the literature
confirms that microalgae and municipal sludge consistently
produce liquid biofuels with higher N content compared to
other feedstocks. Some lignocellulosic biomass and food waste
can have a high C/N ratio, depending on their source, but still
not comparable to crude oil. The HTL process is notably more
effective at reducing N content than fast/flash pyrolysis,
leading to higher C/N ratios for bio-crude oils from all
biomass. This is likely due to the fact that more than 55% of
the N is recovered in the aqueous by-product (HTL-AP), rather
than remaining in the bio-crude oil during the HTL
process.””®> The high C/N ratio of liquid biofuels in Table 5
suggests that denitrogenation upgrading processes are essen-
tial for liquid biofuels. While fast/flash pyrolysis and HTL can
produce biofuels with H/C ratio close to crude oil under
certain operational conditions, their C/N ratio remains signifi-
cantly lower. This highlights the need for additional strategies
during or after TPs to achieve more favorable O/C and C/N
ratios. Identifying oxygenated and N-containing compounds
will be crucial in developing hybrid upgrading processes. The
levels of organic compounds in bio-crude and pyrolysis oil are
discussed in detail in Section 4.4.

4.3 Physical characteristics of liquid biofuels derived from
different biomass

The amount of biofuel entering the fuel injector of a combus-
tion engine is determined by its density, which is influenced
by various factors, including the type of feedstock used for its
production. Biofuel density is crucial in nozzle design and can
impact the engine’s operational feasibility.***° It directly
affects fuel atomization, which in turn influences the engine’s
thermal efficiency.>” The viscosity of the biofuel is of great
importance as it influences the biofuel’s pumpability, atomiza-
tion, and penetration.**® The acidity of biofuel is another key
factor regarding the quality of the produced biofuel, and it is a
measure that indicates the amount of free fatty acids and acids
produced from the degradation reactions of biomass.
According to the ASTM D6751-07b standard, the total acid
number (TAN) for crude oil should not exceed 0.5 mg KOH per
g of 0il.>*® Moisture in biofuel is another concern, as it can
lead to water accumulation, microbial growth, and corrosion
in storage and transportation equipment.’’° The following
subsections summarize biomass-type specific information.
4.3.1 Lignocellulosic biomass. For lignocellulosic biomass,
Haarlemmer et al.*'? tested fast pyrolysis and HTL on beech
wood and found that the density and viscosity of pyrolysis oil
were approximately 1.1 g em™> at 22 °C and 13-70 mPa s at
40 °C, respectively. In comparison, while the density of bio-

This journal is © The Royal Society of Chemistry 2025
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crude oil is similar, its viscosity is significantly higher, around
67 000 mPa s at 40 °C, which can be problematic and requires
further upgrading to enhance pumpability. Bio-crude oil con-
tains less than 1 wt% moisture, whereas the moisture content
of pyrolysis oil ranges from 7.8 to 21 wt%. TAN of pyrolysis oil
and bio-crude oil derived from beech wood is 45-109 and
32-67 mg KOH per g, respectively. Pittman et al*'" applied
fast pyrolysis to corn stalks and found that increasing the
pyrolysis temperature and the water content slightly in the
biomass decreased the moisture content of the produced
pyrolysis oil from 54.7 to 27 wt%. However, this also increased
the viscosity of the oil from 1.60 to 41.4 ¢St and its HHV from
17.40 to 25.84 MJ kg™'. TAN and pH of the pyrolysis oil varied
between 81.7-85.8 mg KOH per g and 2.66-3.29, respectively.
Nizamuddin et al.*'> analyzed the bio-crude oil derived from
the HTL process of corn stalk using ethanol as the solvent.
They found that the bio-crude oil had only 4.76 wt% moisture,
and its HHV was 30.52 M]J kg™'. From the literature, it can be
concluded that the acidity of pyrolysis oil is generally higher
compared to bio-crude oil derived from lignocellulosic
biomass. The pH of pyrolysis oil obtained from lignocellulosic
biomass ranges from 2.5 to 4.9.%"*7*'” In addition, pyrolysis oil
derived from lignocellulosic biomass contains a significant
amount of water (more than 20 wt%), whereas the water
content of bio-crude oil from lignocellulosic biomass is less
than 5 wt%. Despite these differences, both pyrolysis oil and
bio-crude oil have densities within the same range for ligno-
cellulosic biomass.

4.3.2 Microalgae. For microalgae, Hognon et a
Chlamydomonas reinhardtii as the feedstock for both fast pyrol-
ysis and HTL. For fast pyrolysis, the feedstock was dried to a
moisture content of less than 10 wt%, whereas for HTL, it was
used without drying, with a moisture content of 80-90 wt%.
They indicated that the moisture content of pyrolysis oil is
much higher than that of bio-crude oil. In their study, they
optimized HTL and fast pyrolysis temperatures to maximize
liquid biofuel yield and HHV. They found that the bio-crude
oil yield could reach up to 71.4 wt% with an HHV of 23.5-36.1
M] kg™, while the pyrolysis oil yield could vary from 53.3 to
60.2 wt% with an HHV of 32.6-33.5 MJ kg™ ". It is important to
note that increasing the temperature up to a certain point can
enhance both yield and HHV. However, beyond a specific
threshold, increasing the temperature may reduce the liquid
biofuel yield due to gasification, although it continues to
improve the HHV value. Sotoudehniakarani et al.*®® character-
ized the pyrolysis oil obtained from Chlorella vulgaris and con-
firmed that at higher pyrolysis temperatures, the water content
of the pyrolysis oil decreased, varying between 55-64%. They
found that the pH of the pyrolysis oil from microalgae ranged
between 9.60 and 10.10. They explained that these results
suggested that N-containing proteins were primarily converted
into pyrolysis oil, which could explain the increase in the pH
of the pyrolysis oil generated at higher temperatures. The pH
of pyrolysis oil obtained from microalgae varied between 9.30
and 10.20.*"°** The high N content of microalgae may be a
cause for the high pH of pyrolysis oil derived from this
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biomass. Jena and Das*** processed Spirulina platensis using
both HTL and pyrolysis to produce liquid biofuel. They found
that for pyrolysis oil, the pH was about 9.43 + 0.09, density was
1.12 + 0.08 g ml ™", viscosity was 90.50 + 11 cP at 40 °C, and
HHV was 31.50 + 2 MJ kg™". For bio-crude oil, the corres-
ponding values were approximately pH 9.60, density 0.97 g
ml™, viscosity 189.80 cP at 40 °C, and HHV 34.21 MJ kg™
Thus, similar to lignocellulosic biomass, bio-crude oil derived
from microalgae contains lower moisture and density com-
pared to pyrolysis oil, and its viscosity is higher than that of
pyrolysis oil. The acidity of the liquid biofuel may not be a
concern when using microalgae since it produces alkaline
biofuel.

4.3.3 Macroalgae. Regarding macroalgae, Zhao et a
analyzed the pyrolysis oil generated from the fast pyrolysis
process of Enteromorpha prolifera. They observed that the pyrol-
ysis oil had a pH of 2.56 = 0.11, a density of 1.03 = 0.02 g m1™*,
a moisture content of 32.45 + 2.55 wt%, and an HHV of 25.33
+ 3.01 MJ kg™ Ly et al.®® pyrolyzed Saccharina japonica at
different temperatures. At 350 °C, the yield was 44.99 wt%, the
pH was 4.68, and the HHV was 24.80 M] kg™'. At 500 °C, the
yield decreased to 26.67 wt%, the pH increased to 6.08, and
the HHV increased to 28.27 M]J kg™'. Pyrolysis oil obtained
from the fast pyrolysis process of Ulva lactuca is characterized
and compared to lignocellulosic-derived pyrolysis oil by Trinh
et al.®® They determined that the pH, density, moisture, and
HHV of macroalgae-derived pyrolysis oil were around 4.3,
0.98 g ml™" at 40 °C, 26.6 wt%, and 25.7 MJ kg™, respectively,
while lignocellulosic-derived pyrolysis oil had a pH of 3.2-3.9,
a density of 1.09-1.15 g ml™" at 40 °C, moisture content of
25.7-27.4 wt%, and an HHV of 23.7-29.7 MJ kg". Xu et al.**®
applied HTL to Enteromorpha prolifera and reported that the
bio-crude oil had a moisture content of 7 wt% with an HHV of
39.4 MJ kg™". Since the drying of biomass can be significantly
costly and macroalgae contains a high moisture content, the
pyrolysis of macroalgae is not very common. Additionally,
pyrolysis oil derived from macroalgae has a slightly acidic pH
and contains a significant amount of moisture (>25 wt%).
However, bio-crude oil generated via HTL of macroalgae has a
much lower moisture content.

4.3.4 Municipal sludge. Municipal sludge is commonly
used for both pyrolysis and HTL. Alvarez et al.®* conducted
fast pyrolysis on anaerobically digested sewage sludge and
observed that the produced pyrolysis oil contained a pH of 8.5,
density of 1.050 g ml ™, viscosity of 28 ¢St at 40 °C, and moist-
ure of 23 wt%. In another study, sewage sludge was processed
by Trinh et al®>** via fast pyrolysis at different temperatures.
They discovered that the water content of pyrolysis oil derived
from sewage sludge did not decrease with increasing tempera-
ture; instead, it increased from 27.8 wt% at 457 °C to 28.5 wt%
at 625 °C. They also noted that the density, viscosity, and HHV
changed from 1.08 g ml™", 81.1 mPa s at 40 °C, and 15.5 + 1.1
M]J kg™ at 457 °C to 1.07 g ml™', 137.7 mPa s at 40 °C, and
23.1 + 0.5 MJ kg™" at 625 °C. Zuo et al.**" reported that sewage
sludge-derived pyrolysis oil’s pH, viscosity, and HHV were 4.3,
41 cSt at 40 °C, and 25.4 MJ kg ™', respectively. On the other
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hand, Liu et al.’® analyzed the bio-crude oil produced by HTL
of mixed sludge, primary sludge, and secondary sludge and
reported that mixed sludge had a TAN of 74.5 mg KOH per g
with an HHV of 33.1 MJ kg™" and viscosity of 1570 mPa s at
22 °C, primary sludge had a TAN of 65 mg KOH per g with an
HHV of 37.8 MJ kg™, and secondary sludge had a TAN of
44.8 mg KOH per g with an HHV of 34.8 MJ kg™ '. Jarvis
et al.**® processed primary sludge via the HTL process and
determined that bio-crude oil generated from primary sludge
had a density of 1 g mI™", viscosity of 571 ¢St at 40 °C, moist-
ure content of 13 wt%, and TAN of 65 mg KOH per g.

The wide range of results reported for municipal sludge has
the problem of lack of specific feedstock information.
Municipal sludge characteristics can vary depending on the
source of unit processes (primary, secondary, mixed, or
digested sludges), process operation (separate versus combined
sewer, hydraulic and sludge retention times, conventional
versus advanced treatment processes, chemical dosing for
dewatering), location of the plant as well as sampling season,
especially for secondary sludge from biological treatment pro-
cesses. Often, literature reports results for different types of
municipal sludge without any specifics leading to varied
results in the characteristics of liquid biofuel derived from
municipal sludge across studies. Generally, due to municipal
sludge’s high moisture content even after digestion, HTL is
considered more suitable than pyrolysis for treating municipal
sludge. However, it is important to note that the ash content
of municipal sludge can negatively impact bio-crude yield,
making hydrothermal carbonization (HTC) a preferable treat-
ment option in such cases.

4.3.5 Food waste. For food waste, Liang et al.®* used potato
peel waste and potato peel waste residue as the feedstock for
fast pyrolysis. They observed that pyrolysis oil derived from
these food wastes had a pH of 8.3 + 0.3 with a moisture
content of around 80%. In another study, Ly et al.>** pyrolyzed
mixed food waste and characterized the produced pyrolysis oil,
reporting an HHV of 29.69 MJ kg™' and a pH of 3.27.
Kadlimatti et al®*® processed food waste via microwave-
assisted pyrolysis and found that the pyrolysis oil’'s pH,
density, viscosity, moisture content, and HHV were 4.5, 1.04 g
ml™, 1.16 cSt, 50.12 wt%, and 19.95 MJ kg™ ?, respectively.
Regarding the use of food waste as feedstock for HTL, Chen
et al.*®® characterized the bio-crude oil obtained from the HTL
process of food waste with 74 wt% moisture and indicated that
the bio-crude oil had 0.3 wt% moisture with an HHV of 34.79
M]J kg™, Anouti et al.**” applied HTL to blackcurrant pomace
with a moisture content of 59.6 wt% and reported that the pro-
duced bio-crude oil’s moisture, density, viscosity, TAN, pH,
and HHV were <1 wt%, 0.975 + 0.15 ¢ ml™", 495 mPa s at
40 °C, 133 + 25 mg KOH per g, 3.3, and 35.5 + 2.5 MJ kg™,
respectively. Saengsuriwong et al.'% also tested HTL on food
waste and reported that the HHV of the bio-crude oil was 37.33
M] kg'. Therefore, food waste is a type of biomass with high
water content, limiting its application for pyrolysis without
treatment. Pyrolysis oil derived from food waste contains a lot
of moisture, requiring a post-upgrading process for moisture
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removal as well as for balancing H/C, O/C, and N/C ratios.
HTL, on the other hand, is highly advantageous for processing
food waste as it generates bio-crude oil with a comparable
HHYV to crude oil, and the bio-crude has negligible moisture.
Regarding energy potential, food waste has the highest poten-
tial among all feedstocks reviewed in this paper for liquid
biofuel production from biomass, as its HHV is comparable to
that of crude oil. This means that, due to its high HHV and
lower O/C ratio, food waste can be combined with ligno-
cellulosic biomass, municipal sludge, and algal biomass to
enhance liquid biofuel production and improve the energy
potential of biofuels obtained through co-fast/flash pyrolysis
and/or co-HTL.

4.4. Chemical characteristics of bio-crude oil and pyrolysis
oil derived from different biomass

The organic components of biomass, including carbohydrates,
proteins, lipids, and lignin, are primarily converted into liquid
biofuels during fast/flash pyrolysis and HTL processes. In con-
trast, the inorganic fraction of biomass predominantly
accumulates in the solid by-products.>*®?*® The relative com-
position of these components significantly influences both the
yield of liquid biofuels and the concentrations of organic com-
pounds present in bio-crude and pyrolysis oil. Fig. 5 illustrates
the distribution of carbohydrates, proteins, lipids, and lignin
in lignocellulosic biomass, microalgae, macroalgae, municipal
sludge, and food waste.

The breakdown of carbohydrates in biomass leads to the
formation of alcohols, ketones, and carboxylic acids. Aromatic
hydrocarbons and phenols primarily originate from the
protein fraction in biomass, and their production increases as
the temperature increases. The primary decomposition of
phenylalanine and tyrosine involves decarboxylation, deamina-
tion, and the simultaneous breaking of C-C bonds through
concerted rupturing (resulting in radical formation) path-
ways.*®> The Maillard reaction affects the presence of
N-containing compounds in liquid biofuels.**® The increased
temperature in pyrolysis promoted the Maillard reaction,
which involves the incorporation of N by transforming qua-
ternary-N into a more stable N formation. Consequently, the
Maillard reaction leads to the formation of heterocyclic
N-containing compounds.®®” Long-chain fatty acids are
obtained through the pyrolysis of lipids in biomass. Despite
the thermal cracking of triglycerides leading to the production
of short-chain hydrocarbons, long-chain fatty acids can persist
if the residence time is short.>*® Additionally, aromatic hydro-
carbons can be formed from lipids at elevated temperatures,
during which cyclization and aromatization reactions take
place.*®® Phenols can be generated from proteins, carbo-
hydrates, and lignin."*®?*° Fig. 6 indicates the detailed path-
ways of alcohols, acids, phenols, ketones, aliphatic and aro-
matic hydrocarbons, N-containing compounds, and oxyge-
nated compounds formation from carbohydrates, proteins,
lipids, and lignin through fast/flash pyrolysis.

The presence of water in HTL introduces a higher level of
complexity to the reactions compared to fast/flash pyrolysis. As

This journal is © The Royal Society of Chemistry 2025
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shown in Fig. 7, HTL involves a variety of reactions, including
hydrolysis, dehydration, hydration, deoxygenation, deamina-
tion, and hydrogenation, affecting carbohydrates, proteins,
lipids, and lignin. Unlike pyrolysis, the water in HTL facilitates
the formation of more complex compounds, which are ulti-
mately incorporated into bio-crude oil. Fig. 8 illustrates the
pathways leading to the formation of various alcohols, acids,
phenols, ketones, aliphatic and aromatic hydrocarbons, as
well as N and oxygenated compounds, all derived from the
biomass components during HTL. The concentration of
organic compounds in liquid biofuels plays a crucial role in
determining the quality of the resulting bio-oils. While some
information is available regarding the effects of specific chemi-
cals in biofuels, there remains a significant gap in understand-
ing how each chemical affects the fuel properties of bio-crude
oil and pyrolysis oil. Certain compounds may lead to storage
and transportation challenges, while others can contribute to
pollutant emissions during combustion or lower the heating
value of the biofuels. N-heterocyclic compounds, in particular,
are a critical concern. Due to the N content in biomass, orig-
inating from its cellular structure and protein composition,
the presence of N-containing compounds in liquid biofuels is
inevitable.>*> The presence of N-heterocyclic compounds in
biofuels can lead to increased NO, emissions during combus-
tion. Additionally, these compounds can affect the odor of bio-
fuels and pose challenges during the upgrading process. They

This journal is © The Royal Society of Chemistry 2025

tend to adhere to acidic catalysts, potentially deactivating
them and reducing their effectiveness.>*®

Aromatics reduce the fuel quality of liquid biofuels due to
their lower H/C ratio, which decreases energy density. Their
presence also raises environmental concerns by promoting the
formation of polycyclic aromatic hydrocarbons (PAHs) during
combustion.’>® Wang et al.®>>* reported that the presence of
Cg—Cy5 cyclic alkanes instead of high-carbon aromatics can
improve the HHV, H/C, and O content of pyrolysis oil obtained
from lignocellulosic biomass via fast pyrolysis.

Alcohols can influence liquid biofuels positively or nega-
tively, depending on the position of the hydroxyl (-OH) group.
Long-chain alcohols offer higher energy density than short-
chain ones due to their lower O/C ratio. However, both alco-
hols and acids can cause storage problems, such as cor-
rosion.>> Esters are key components of liquid biofuels and
can enhance fuel quality. However, their presence may
increase the O/C ratio, reducing the heating value of bio-
fuels.>*® Aldehydes and ketones are present in liquid biofuels.
While certain aldehydes enhance fuel properties, most contrib-
ute to instability, unpleasant odors during combustion, and
storage issues due to their corrosiveness. Similarly, ketones
can improve some fuel properties but may also alter the O/C
ratio, leading to biofuel instability and corrosion.**”

Phenols, primarily derived from lignin in biomass, are com-
monly found in liquid biofuels. They pose challenges during

Green Chem., 2025, 27, 7009-7041 | 7029
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Fig. 6 Plausible reaction pathways of pyrolysis of carbohydrates, proteins,

upgrading processes due to coke formation and their corrosive
nature, which can also affect the storage of liquid biofuels.’>®
Additionally, phenols can originate from cellulose and hemi-
cellulose during TPs.>*°

Fig. 8 presents the comparative relative areas (%) of alco-
hols, acids, phenols, ketones, aliphatics, aromatics,
N-containing compounds, and oxygenated compounds in bio-
crude oil and pyrolysis oil derived from five different types of
biomass, as analyzed by gas chromatography-mass spec-
trometry (GC-MS). The list of organic compounds used to
generate Fig. 8 is provided in Table S1.1 As shown, oxygenated
compounds make up a smaller relative area (%) in bio-crude
oil compared to pyrolysis oil in lignocellulosic biomass, algal
biomass, municipal sludge, and food waste. It means that the
HTL process is more effective in deoxygenation than fast/flash
pyrolysis regardless of the biomass characteristics. Biomass’s
biochemical composition plays a crucial role in the distri-
bution of organic compounds. Lignin in lignocellulosic
biomass results in bio-crude oil with phenols (12-38%) and
pyrolysis oil with phenols (2-25%). Microalgae, with high
protein content, produce bio-crude oil (14-66%) and pyrolysis
oil (16-27%) with higher levels of N-containing compounds.
Aromatics in microalgae-derived bio-crude oil and pyrolysis oil
are present in similar relative amounts to N-containing com-
pounds. Macroalgae, with higher carbohydrates and lower pro-

7030 | Green Chem., 2025, 27, 7009-7041

lipids, and lignin 138-340-344

teins and lipids, yields bio-crude oil (9-23%) and pyrolysis oil
(9-42%) with significant ketones. Municipal sludge, contain-
ing high levels of proteins, carbohydrates, and lignin, pro-
duces bio-crude oil and pyrolysis oil with high N-containing
compounds (bio-crude oil: 18-48%, pyrolysis oil: 13-30%) and
phenols (bio-crude oil: 2-9%, pyrolysis oil: 8-16%). Biomass
with higher carbohydrates and lipids, like food waste, leads to
liquid biofuels with high acidity. Food waste-derived bio-crude
oil and pyrolysis oil contain 35-70% and 5-30% acids, respect-
ively. Therefore, the common belief about the acidity of pyrol-
ysis oil is inaccurate. The acidity of both bio-crude oil and
pyrolysis oil is primarily influenced by the carbohydrate
content in the biomass used as feedstock for fast/flash pyrol-
ysis or HTL. The HTL and pyrolysis processes have minimal
impact on the acidity of the produced liquid biofuels.

Although adjusting the severity of fast/flash pyrolysis and
HTL can affect the concentration of organic compounds in
liquid biofuels,”®>* it is insufficient to achieve the optimal
acidity, HHV, and desired levels of O and N-containing com-
pounds necessary for proper storage, transport, and combus-
tion. Therefore, post-treatment upgrading processes are essen-
tial to enhancing liquid biofuels for use as viable fossil fuel
substitutes.

Physical methods, chemical processes, steam reforming,
and supercritical fluids can all be used to upgrade bio-crude

This journal is © The Royal Society of Chemistry 2025
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oil and pyrolysis oil. Physical methods like filtration, solvent
addition, and emulsification can enhance properties such as
reducing impurities, improving viscosity, density, and HHV.
However, these methods alone are not enough to make liquid
361 Superecritical
fluids are effective in removing O-containing compounds, such

biofuels a viable alternative to fossil fuels.

as carboxylic acids, aldehydes, and levoglucosan, while improv-
ing the HHV of liquid biofuels. However, their application typi-
cally requires significant energy input and may lead to equip-
ment corrosion during the process.>®* Steam reforming oper-
ates at high temperatures (700-1000 °C) with the help of a
catalyst. By combining catalytic steam reforming with the
water—gas shift reaction, it efficiently produces hydrogen (H,)
as a clean energy resource. This method also has its own limit-
ations and cannot remove many of the organic compounds in
liquid biofuels to make them comparable to crude oil.>*®
Chemical methods also offer the potential for removing
certain organic compounds in liquid biofuels. Esterification,
which involves adding alcohol under mild conditions, can
improve the HHV and viscosity of liquid biofuels by removing
some O-containing compounds. However, this method is
ineffective in  removing N-containing compounds.’®*
Hydrodeoxygenation (HDO) is a widely used method for elimi-
nating O-containing compounds in bio-crude oil and pyrolysis
oil, with the goal of increasing the H/C ratio and reducing the

This journal is © The Royal Society of Chemistry 2025

4,120,347-352

O/C ratio. Recent studies have concentrated on developing cat-
alysts to improve the HDO upgrading process.>®>>°® Since
several studies have already reviewed liquid biofuel upgrading
processes,>®*%73%% thig article does not provide a detailed
description of each upgrading method. However, it should be
noted that while these upgrading processes can improve the
characteristics of bio-crude oil and pyrolysis oil to some extent,
none has emerged as a definitive solution. Liquid biofuels
derived from different biomass types contain varying levels of
organic compounds and impurities. Therefore, selecting the
appropriate upgrading process is crucial to enhancing liquid
biofuels quality while minimizing costs.

The choice of upgrading processes should be guided by the
specific chemical and physical properties of liquid biofuels,
with the levels of organic compounds playing a key role in
determining suitable upgrading methods. As shown in Fig. 8,
the composition of organic compounds can guide the identifi-
cation of appropriate processes for bio-crude oil and pyrolysis
oil derived from various biomass types, including ligno-
cellulosic biomass, microalgae, macroalgae, municipal sludge,
and food waste. For example, the removal of N-containing
compounds is less critical for bio-crude oil from ligno-
cellulosic biomass than for that derived from microalgae. This
comparative review highlights a significant research gap in the
field of liquid biofuels: understanding how different organic

Green Chem., 2025, 27, 7009-7041 | 7031
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sludge;

compounds impact biofuel quality and the need for selective
or multistage upgrading processes. Liquid biofuels derived
from HTL and pyrolysis exhibit varying levels of N- and
O-containing compounds, aromatics, and aliphatics, depend-
ing on the biochemical composition of the biomass. A single
upgrading process may indiscriminately remove O from all
organic compounds, but certain compounds like aldehydes
and alcohols, despite both being oxygenated, may have distinct
effects on biofuel quality and require different removal strat-
egies. A deeper understanding of the specific impacts of
various organic compound categories is essential for develop-
ing effective multistage upgrading processes that produce
high-quality liquid biofuels from HTL and fast/flash pyrolysis.

5. Advantages and disadvantages of
HTL and fast/flash pyrolysis and
prospects toward application of
thermochemical processes

Fast/flash pyrolysis processes are compared to the HTL process
thoroughly in this review article for their potential to recover
liquid biofuels from different biomass. The results reveal that
biomass type plays a key role in the efficiency of the TPs as
well as operational conditions for biofuel production.
Therefore, neither fast/flash pyrolysis nor HTL can produce

7032 | Green Chem., 2025, 27, 7009-7041

6,75,97,128,159,203,206,210,211,360 (b) microalgae;6’57'215'216‘218'222'224'225’229 (C) macroalgae;58,60,103,231—233,236,238,239 (d) municipal
62,76,130,161,243,246,250,252,256 (e) food waste 109-111,164,260-262,264,265,267,269

high-quality liquid biofuel solely by optimizing operational
conditions without considering the biomass type. However,
each process has its own advantages and drawbacks. Several of
these points are tabulated in Table 6. By comparing the advan-
tages and disadvantages of HTL and fast/flash pyrolysis, it can
be concluded that the choice of process for converting
biomass into liquid biofuel should not rely solely on biomass
moisture. Instead, the composition and properties of the
resulting liquid biofuels, particularly the concentration of
organic compounds, should be considered, as they will deter-
mine the extent of upgrading required. Both biomass pretreat-
ment and liquid biofuel post-treatment processes can influ-
ence the economic feasibility of the overall process. In general,
for industrial-scale applications, the moisture content of
biomass, biofuel yield, and biofuel’s characteristics can be the
key factors in choosing between HTL and fast/flash pyrolysis.
In terms of yield and quality of liquid biofuels, HTL can
produce bio-crude oil with higher HHV compared to fast/flash
pyrolysis processes for all five types of biomass reviewed in
this study. However, the yield of liquid biofuels from fast/flash
pyrolysis can be higher than that from HTL for specific
biomass types. The level of organic compounds in liquid bio-
fuels is highly affected by biomass’s biochemical character-
istics. Therefore, it is not possible to definitively determine
which process is superior in all aspects. In Fig. 9, the rec-
ommended TPs for five types of feedstocks reviewed in this
study are summarized based on biofuel yield and quality.

This journal is © The Royal Society of Chemistry 2025
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Table 6 Biomass-specific advantages and disadvantages of HTL and fast/flash pyrolysis, along with research gaps, for liquid biofuel production

Process

Hydrothermal processes (HTL)

Pyrolysis (fast/flash pyrolysis)

Advantages and
(consequences)

Disadvantages and
(consequences)

- Comparable liquid biofuel yields for municipal sludge
and food waste to fast/flash pyrolysis. (Lower capital
costs.)

- Better quality of liquid biofuel in terms of HHV, O/C,
and moisture. (Decreasing required upgrading processes.)
- Excessive size reduction of biomass is unnecessary, and
wet biomass can be processed. (Reducing pre-treatment
costs.)

- Production of significant amount of aqueous phase.
(Needs further management of by-products.)

- Literally a novel process with a lot of unknown effective
parameters. (Scaling up is risky.)

- Needs water to operate. (Significant amount of water
consumption if biomass does not have enough moisture.)
- Inefficient in producing bio-crude oil with acceptable
levels of organic compounds (Novel multistage upgrading
processes are necessary to address storage, shipment, and

- Greater liquid biofuel yield for lignocellulosic biomass
and macroalgae than HTL. (Lower capital costs.)

- There is a limited production of aqueous by-product. (No
further management is necessary for by-products.)

- Commercialized process. (Minimum unknown
parameters.)

- Drying biomass is necessary. (High pre-treatment cost if
biomass has a lot of moisture.)

- Poor liquid biofuel quality in terms of HHV, O/C, C/N,
and moisture. (Increasing required upgrading processes.)

- Reactor design and particle size can affect the efficiency of
the process. (Making the process complicated.)

- Inefficient in producing pyrolysis oil with acceptable

levels of organic compounds. (Novel multistage upgrading
processes are necessary to address storage, shipment, and

combustion.)
Research gaps
stability and fuel properties

combustion.)

- Investigating the effects of various organic compounds present in bio-crude oil and pyrolysis oil on their storage

- Developing biomass-specific pretreatment strategies to minimize feedstock heterogeneity and achieve uniform

composition for each biomass type

- Designing cost-effective, multistep, and selective upgrading processes targeting key organic compounds that negatively

impact the quality and stability of liquid biofuels

- Exploring integrated process configurations and reactor designs to reduce the sensitivity of pyrolysis oil yield and

quality to biomass particle size variations

- Developing biomass-specific resource recovery approaches from HTL-AP to enable the industrial implementation of

HTL technology

A o
FSt/flash pyrolyS'®

Fig. 9 Priority of different biomass types for pyrolysis and hydrothermal
processes to be converted into liquid biofuel considering biofuel yield
and quality. Green color: first priority; orange color: second priority.

6. Conclusions

Fast/flash pyrolysis and HTL are two efficient methods for
producing liquid biofuels from biomass, comparable to

This journal is © The Royal Society of Chemistry 2025

crude oil. The purpose of this review is to equip research-
ers with new insights into the anticipated liquid biofuel
yield from various biomass types through HTL and fast/
flash pyrolysis. Additionally, it seeks to assist scholars
and industry professionals in selecting between HTL and
fast/flash pyrolysis based on the physical and chemical
characteristics of liquid biofuels derived from different
biomass types, rather than relying solely on biomass
moisture. The key findings of this review are summarized
below:

+ Although high C and H content in biomass can enhance
liquid biofuel yield, the presence of N and O can negatively
impact the quality of the resulting biofuels.

+ The high ash content of biomass limits the liquid biofuel
yield, but it does not affect the quality of the resulting
biofuels.

+ Microalgae show higher yields of liquid biofuels com-
pared to other biomass types in both fast/flash pyrolysis and
HTL.

+ Lignocellulosic biomass and macroalgae generally exhibit
higher conversion yields of liquid biofuel in fast/flash pyrolysis
compared to HTL. In contrast, municipal sludge and food
waste produce similar ranges of liquid biofuel yields with both
fast/flash pyrolysis and HTL.

+ The solvent choice in HTL is biomass specific. Generally,
an alkaline environment in HTL can enhance bio-crude
oil production. For carbohydrate-rich biomass, food waste
and lignocellulosic biomass, using an alkaline catalyst is
advantageous.

Green Chem., 2025, 27, 7009-7041 | 7033
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» The severity of HTL and fast/flash pyrolysis processes for
maximizing liquid biofuel yield is biomass-specific; however,
HTL generally requires less severe conditions for most
biomass types.

« The HTL process can produce bio-crude oil from munici-
pal sludge and food waste with H/C and O/C values compar-
able to crude oil.

« Fast/flash pyrolysis of macroalgae typically produces
higher-quality liquid biofuel than HTL in terms of H/C and
O/C values.

» The C/N ratio of bio-crude oil is much higher than pyrol-
ysis oil from fast/flash pyrolysis, indicating that HTL is more
effective at removing N.

« The HHV of bio-crude oil is generally much higher than
that of pyrolysis oil for all feedstocks except macroalgae.

« While bio-crude oil has low moisture compared to pyrol-
ysis oil, the densities of pyrolysis oil and bio-crude oil are
within the same range for all biomass types.

- Biomass biochemical composition as well as process type
can significantly affect the concentration of organic com-
pounds in liquid biofuels.

- Identifying the carbohydrate, protein, and lipid content
of biomass provides limited but useful insight into predicting
the concentrations of organic compounds in liquid biofuels.
Process selection should be based on each method’s ability to
reduce undesirable organic compounds, thereby minimizing
the need for extensive upgrading.

 Alcohols, acids, ketones, phenols, aliphatics, aromatics,
N-containing compounds, and oxygenated compounds in
liquid biofuels serve as a driving force for developing multi-
stage and/or selective upgrading processes. By addressing
these organic compounds, high-quality liquid biofuels can be
produced with minimal issues in storage, transport, and
combustion.
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