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el demand by using biofuels as an
alternative hydrothermal liquefaction is
a promising process for transforming biomass into
drop-in fuels†

Ivan Mazariegos,*a Ebtihal Abdelfath-Aldayyat,a Silvia González-Rojob

and Xiomar Gómez a

A currently accepted strategy for reducing greenhouse gas (GHG) emissions from fossil fuels is to replace

them with biofuels. While total replacement is not considered a feasible option, other technologies such as

hybridization, electrification and more efficient engines can help significantly reduce the total amount of

fuel needed globally. Several processes are currently available for producing biofuels, of which ethanol

and biodiesel are the best known. Other fuel alternatives are emerging, some of which are attracting

attention due to their high treatment capacity and the production of aromatic compounds needed to

ensure fuel compatibility with conventional fossil fuels. The thermal processing of biomass has proven to

be an interesting ally in the rapid transformation of materials to obtain several valuable by-products that

can be properly processed to obtain drop-in fuels. Among the different thermal technologies for

biomass conversion is hydrothermal liquefaction (HTL). The process has a long history of research

experience and is one of the most promising technologies for substituting conventional fuels. However,

due to the inherent operational difficulties of the process, many aspects still require further research

before it can be considered a feasible solution. The HTL process is carried out in the presence of water

under moderate temperature and high pressure, resulting in the breaking of organic molecules and

repolymerization to form a gas, oil and solid fraction, the yield of which is highly dependent on the

characteristics of the raw material and the process conditions. Some of the challenges and difficulties

found during the thermal processing of biomass are discussed, together with the issues that need to be

addressed urgently if the rate of substitution of conventional fuels by biofuels is to be accelerated.
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Sustainability spotlight

The present manuscript reviews key aspects of biofuel production and the important parameters related to the hydrothermal liquefaction process. The primary
motivation for the authors in undertaking this task is the urgent need to reduce fossil fuel consumption and the signicant impact of CO2 emissions on the
global climate. The production of biofuels from biomass is in line with the following sustainable development goals: affordable and clean energy, sustainable
cities and communities, and climate action. Producing drop-in biofuels from biomass reduces global CO2 emissions, provides new renewable energy sources,
and promotes job opportunities related to local biomass production and processing, thus promoting economic activity and aligning with circular economy
strategies.
1 Introduction

The global energy demand is increasing despite the different
efforts carried out to improve process efficiency, with China
currently leading the list of countries with the highest energy
demand (4030 Mtoe, in 2023), almost doubling that of the
United States.1 The world's primary energy demand is mainly
covered by fossil fuels, accounting for 81.5% in 2023 and
keeping an increasing trend despite the efforts to install
a greater number of renewable energy production centers and
the decrease in energy demand by developed countries.2 There
is an urgent need to reduce global CO2 emissions, but the
unavoidable demand for energy means that these emissions
will continue to rise in line with population growth and
improvements in social welfare. Several alternatives are avail-
able for producing biofuels, reducing fossil fuel consumption
and developing more efficient engines. However, many of these
biofuel alternatives cannot be fully implemented in many
regions due to their high costs and adverse impacts on other
economic sectors. Competition for land, nutrients, and water
resources with food crops, as well as land use changes, along
with the impacts on carbon sequestration, are factors that
require careful assessment.

The “t for 55 package” involves a set of regulations intended
for reducing greenhouse gas (GHG) emissions by at least 55% by
2030, using 1990 emissions as a baseline.3 The adoption of this
regulation intends for Europe to lead the way in ghting against
climate change and move forward towards a green economy.
However, the ambitious target may confront several difficulties
associated with the limitations of some technological develop-
ments and the low energy recovery efficiency of some processes
Silvia González-Rojo
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highly recognized as greener options. Reducing fuel consump-
tion in the transport sector is vital to facilitate the widespread
adoption of biofuels and other alternatives, such as e-fuels or
fuels derived from the “Power-to-X” approach, as well as
increasing the protability of processes associated with direct
carbon capture and utilization.4,5

Traditionally, ethanol and biodiesel have been widely used
in internal combustion engines (ICE) as supplements to
conventional fuels. It can be easily assumed that, since these
biofuels are derived from biomass, they theoretically help
maintain a low carbon balance, as the CO2 released during
combustion has been previously captured by the plant.6

However, this carbon balance may not always be favorable and
may even cause an increase in net CO2 emissions when
considering emissions associated with nutrients, water
demand, fossil fuel consumption during crop cultivation and
maintenance, and transport and energy requirements of the
conversion process.7

Bioethanol is commonly produced from the fermentation of
carbohydrates, with some specic processes adapted to treat
lignocellulosic materials, which require special pretreatments
to release sugars. Biodiesel, on the contrary, has traditionally
been produced from the transesterication of oils and fats,
although recent developments have allowed the production of
a biodiesel type fuel from the hydrotreatment of lipid raw
materials, with superior performance and 100% compatibility
with diesel engines.

Ethanol is typically approved in many European countries up
to a mixture of 10%, with most new passenger cars manufac-
tured aer 2000 being compatible with this mixture. Other
countries, such as the United States, allow mixtures with
Xiomar Gómez
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a higher content but require petrol stations to mitigate errors
associated with non-adapted vehicles running on these blends.
Vehicles running on E15 up to E85 need modications to the
fuel storage and injection system, ignition, cold start system,
and changes in the catalytic converter operation.8 These vehi-
cles are known as ex-fuel vehicles and can produce more power
and show better thermal efficiency when running on high
ethanol blends.9 Although the lower energy density of ethanol
causes more frequent refueling, the consumer preference for
running with higher or lower ethanol content mixtures is
usually based on fuel prices.

Biodiesel is associated with diesel blends of up to 5% or
slightly higher, although some countries permit its use in
blends of up to 20%. However, the original engine manufac-
turer has the nal say on the compatibility of higher blends. On
the contrary, compatibility is 100% in the case of that derived
from the hydrotreatment of vegetable oils. The industrial sector
has made several efforts to adapt to new regulations aimed at
reducing greenhouse gas (GHG) emissions. However, producing
sustainable biofuels is full of challenges. Several aspects still
need to be addressed, requiring standardized metrics and
approaches, along with the development of decision-support
tools to identify and quantify environmental trade-offs.10

Regarding biofuels suitable for the aviation sector, the
different routes for obtaining biofuels that meet the stringent
ASTM-D16522 standards share common features with conven-
tional processes. These routes include the transformation of
bio-alcohols, direct fermentation to produce long-chain hydro-
carbons, hydroprocessing of vegetable oils, and processes
involving chemical catalytic conversions of small molecules
(such as Fischer–Tropsch technology) derived from renewable
substrates.11 Producing biojet fuels is currently more expensive
than obtaining conventional jet fuels, adding to this signicant
drawback the high amount of land and resources that would be
required for cultivating energy crops if biomass is used as the
main raw material. Therefore, in addition to the previous list of
disadvantages, competition for water, fertilizers, and pollutant
related problems such as eutrophication are summed up.12

It is also worth noting that many biofuels currently available
for the aviation sector must be blended with conventional fuels
to comply with all requirements for fuel tank storage, engine
compatibility, and burning characteristics, along with the fact
that substituting conventional fuels for biofuels is not a warrant
for zero net CO2 emissions.13

Several processes are currently capable of producing a variety
of fuel-like products suitable for different transport sectors (see
Fig. 1). In addition to those already mentioned, biogas and
hydrogen can also be produced from different biological
processes, with the rst one being mainly produced by anaer-
obic digestion, a widely spread technology that is applied to
treat high organic content waste streams and obtaining landll
gas. However, the technology is not free of controversy, and the
installation of new biogas plants is facing severe social rejection
in some regions due to the so-called NIMBY (Not-in-my-
backyard) syndrome. This is the emotional and organized
opposition of local residents to projects relevant to the
community. Still, the population feels that the impacts created
3230 | RSC Sustainability, 2025, 3, 3228–3265
by the project will be detrimental to their current way of living.14

Bourdin and Delcayre15 analyzed this phenomenon in France,
reporting that the perception the community has regarding the
project size and the associated emotional impacts are the main
factors to consider when conceiving the installation of a new
plant. These aspects are of great relevance because large,
centralized plants usually confront greater opposition but have
better efficiency in terms of energy production and protability,
against decentralized options which hardly reach protability
and have a much lower energy efficiency.16

In the case of biological hydrogen production, several
processes are the focus of research, but unfortunately, many of
these technologies are in an incipient state with many difficul-
ties encountered when attempting to scale them up. Therefore,
the current dominant technology for producing green H2 is
based on electrolyzers. In this case, the energy required is
derived from renewable sources (windmills or solar panels).
Other types of biofuels currently available and produced
through fermentation include biobutanol and fatty acids, which
are subsequently upgraded to farnesene. One of the major
disadvantages of biological processes is the need for steriliza-
tion and the separation stages to recover fuel liquid molecules,
with distillation or membrane pervaporation being the main
separation processes. Biofuel production routes must overcome
economic barriers, regulatory and logistical challenges associ-
ated with production and distribution, as well as adapting
different propulsion technologies for the transport sector,17

explaining the difficulties found in attempting to fully substi-
tute fossil fuels without further increasing energy demand.

Regarding thermal processes explicitly designed to trans-
form biomass and waste materials, the main technologies
studied include gasication, pyrolysis, and hydrothermal
liquefaction. Gasication produces a synthesis gas, or syngas,
as the main product. This gas stream contains CO, H2, and
methane as fuel components, along with traces of small
noncondensable hydrocarbon molecules. Other components
present in syngas include N2, hydrogen sulde, ammonia, and
high molecular weight aromatics known as tar. The cleaning of
syngas is essential if it is to be further valorized, either as a fuel
in combined heat and power (CHP) engines, where cooling is
needed before serving as an input stream, or as a raw material
for other conversion processes. Tar components can stick to
valves and clog pipe connections, thus hindering normal
operation.18

The presence of N2 is mainly associated with the relatively
small amount of air added to attain partial oxidation of the
organic material at high temperatures. CO2 and steam are also
commonly used as gasication agents. The latter allows an
increase in the hydrogen content of syngas, whereas the pres-
ence of CO2 favors biomass conversion by reducing carbon
residual content and tar formation.19,20 However, in the case of
steam, the additional energy demand associated with its
production adversely affects the energy balance of the process.
Gasication temperatures are usually in the 750–950 °C range,
with some processes operating even at higher values, although
the high-temperature limit is usually associated with ash
melting avoidance.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Processes currently available to produce different types of biofuels.
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Pyrolysis is another type of thermal conversion technology,
typically classied based on the process temperature range and
heating rate. Slow (200–300 °C), fast (700–900 °C), and ash
pyrolysis (>1000 °C) are the standard categories, although tor-
refaction is not usually included in this classication and is
generally considered a biomass densication process.21,22 Other
pyrolysis technologies include plasma pyrolysis, which can be
carried out using high or low-temperature plasma— in the latter
case, the plasma is assumed to be in a quasi-equilibrium state—
and non-thermal plasma.23–25 The response of the process is
strongly inuenced by the heating rate applied and the residence
time of the material in the reactor. The thermal breakdown of
molecules takes place in the absence of oxygen, yielding as main
products a gas phase, usually denoted as syngas, a liquid phase
containing pyrolysis oils but also an aqueous phase containing
acids and soluble organics, and nally, a solid product known as
biochar, which can be used as a low-grade fuel, a soil amend-
ment for retaining carbon, or as an absorbent in the different
processes where these properties are relevant. Despite the
extensive research dedicated to this technology, several draw-
backs remain associated with the corrosive nature of bio-oils,
including their high oxygen content, viscosity, acidity, and
immiscibility with petroleum fractions,26–28 thus requiring
upgrading before used as a biofuel. The pyrolysis water obtained
as a by-product of the process presents an additional difficulty,
needing further treatment to reduce its organic and toxic
content, thereby increasing operational complexity.29
© 2025 The Author(s). Published by the Royal Society of Chemistry
Conversely, hydrothermal processes can transform organics
at lower temperatures than gasication and pyrolysis but
require higher pressures. The process is carried out in the
presence of water, thus avoiding the high energy demand
associated with thermal drying of the raw material, and is
therefore, considered a promising technology that yields as
main product an oil-rich phase similar to fossil crude oil.30–32

Oils obtained from this process, as well as from pyrolysis,
contain aromatics33 closer to those found in conventional fuels,
thus offering a solution to the critical problem of replacing fuels
for heavy-duty transport vehicles and aircra.

The hydrothermal process is not new, and developments
date back as early as 1920, as reported by Usman et al.,34 who
described its historical evolution, showing the impact of the
economic crisis on the further development of the technology
until its renaissance linked to the urgent need to nd suitable
biofuel replacements. Recently, several documents have been
related to this subject, with an exacerbated amount of new work
published in the last 10 years (see Fig. 2). It is interesting to nd
early works dealing with small-scale pilot plants operating
under continuous conditions in the 1970s to 1990s and even the
construction of a small plant in Illinois (University of Illi-
nois),35,36 a pilot plant at Aalborg University, Denmark in 2013
(ref. 37) which provided the information for the development of
the Hydrofaction™ process (Steeper Energy, Canada).

The review published by Gholizadeh et al.38 lists different
pilot plants developed in recent years, where it is worth
RSC Sustainability, 2025, 3, 3228–3265 | 3231
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Fig. 2 Number of documents published in the scientific literature on
the subject of hydrothermal treatment of biomass.

Table 1 Shows the challenges and research gaps highlighted in several

Process challenge

Process scale-up: reactor design and engineering
Types of materials used for design and associated costs
Continuous product extraction and heat exchanger integration
Feedstock pumpability
Problems associated with feeding slurry biomass at high pressure due to
Development of high-pressure pumps capable of dealing with high solid
Feedstock handling and logistics
Productivity of HTL is highly dependent on seasonality
Insufficient supply of biomass during off-peak season
Size reduction of biomass to prepare a pumpable slurry becomes too ene
High investment cost and operating costs
Efficient heat transfer, temperature and pressure control
Heat exchangers charring problems and efficient removal of char from re
High pressure in heat exchangers
Biocrude cokization
Char formation and product separation
Higher operating costs for producing and upgrading biocrude compared
Biocrude upgrading costs: H2 demand and catalyst are the main factors c
Research regarding co-rening of biocrude and crude oil is needed to red
Difficulties in removing nitrogen from biocrude
Corrosion in reactor and salt deposition

Process safety operational issues
Thermal stresses
Catalyst deactivation
Catalyst recovery
The use of some catalysts may increase the production of carboxylic acids
Harmonization of techniques to allow easy comparison of results from di
predicting yields
Aqueous phase recovery and treatment

Co-HTL with biomass and the use of sea water to reduce freshwater dema
The effect of salt on biocrude yield needs further research, as does the ris
chloride
Optimizing solvent system to attain valuable product separation
Environmental sustainability: water demand and land use
Performance of engines using HTL derived oil must be evaluated because o
therefore lower HHV

a HHV: higher heating value.

3232 | RSC Sustainability, 2025, 3, 3228–3265
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mentioning the registered processes of Catliq®39 commercial-
ized by Altaca Energy (Istambul, Turkey),40 the Cat-HTRTM
technology commercialized by Licella™ (North Sidney, Aus-
tralia),41 Green2black™ process with a demonstration plant
owned by Muradel Pty Ltd,42,43 and Genifuel (Richland, WA,
United States)44 which commercializes the process developed by
Pacic Northwest National Laboratory (PNNL) but seems to
have ceased activity at present.

The review by Castello et al.45 describes the technology and
its evolution under laboratory and near commercial conditions.
Despite all the efforts and research carried out, it is unclear
whether this technology is getting closer to commercialization,
as several research gaps are still pending a solution. The high
capital investment, technological complexity, severe operating
conditions, the need to upgrade biocrude, and the proper
recent reviewsa
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treatment of by-products remain to be addressed.46 Despite all
these drawbacks, the work of Karimi et al.47 reviewing techno-
economic studies for producing biofuel indicated that hydro-
thermal liquefaction (HTL) was the process capable of attaining
the lowest minimum product selling price when compared to
other technologies for obtaining biofuels (gasication, pyrol-
ysis, ethanol from lignocellulosic material, among others).
However, it is also true that the scale of the HTL process is far
from reaching a state close to commercialization. Thus, several
aspects regarding industrial application and operational diffi-
culties are unknown, which creates a high degree of uncertainty
in the data used to estimate the nal selling price of products.
Table 1 shows a list of aspects regarding the HTL technology
requiring research to circumvent the technological gap for
successful implementation on a larger scale.

The present manuscript aims to summarize the information
related to the conversion of biomass by hydrothermal lique-
faction, focusing on the aspects requiring further research and
the common points with other processing technologies for
producing biofuels. A search was carried out emphasizing
experimental work published between 2000 and 2024, high-
lighting the difficulties identied by different authors in
attempting to scale up the HTL technology. This document is
organized by rst presenting general aspects of the HTL
process, considering main operating parameters and process
modications tested to improve performance. A section was
devoted to the use of catalysts for improving biocrude yields and
upgrading bio-oils to reduce their oxygen and nitrogen content.
The manuscript also contains a nal section dedicated to
reviewing the information on the technical feasibility of HTL.
Fig. 3 Evolution of research in the field of HTL technology.

© 2025 The Author(s). Published by the Royal Society of Chemistry
2 Hydrothermal liquefaction

The hydrothermal process is dedicated to converting waste and
biomass material into a product similar to a petroleum or coal-
like product. Temperature, pressure and residence time have
a signicant inuence on the process outcome. In a similar way
to other thermochemical processes such as pyrolysis, thus
greater production of bio-oil is derived from the fast HTL
process, just as in the case of fast pyrolysis,71,72 with some
reports indicating that fast HTL shows a better energy recovery
than isothermal HTL.73

The family of hydrothermal treatments can be classied into
hydrothermal carbonization (HTC), hydrothermal liquefaction
(HTL), and hydrothermal gasication (HTG). HTL operates in
the temperature range of 200 to 370 °C with pressures between 4
and 20 MPa, keeping water in a liquid state (water critical
conditions are 374 °C and 22 MPa). At higher temperatures
above 500 °C, the process involves supercritical gasication.74,75

The distribution of main products derived from the HTL
process is highly dependent on the composition of the feed-
stock, with values ranging from 21 to 53% for biocrude, 4.6 to
31.2% for the aqueous phase, 1.3 to 35% for the char solid
phase and the remaining gas accounts for 7.1–35.6% as re-
ported by Li et al..76 HTL has the advantage of producing an
important energetic fraction called biocrude, whereas the HTC
process only produces hydrochar as a valuable fraction that
seems insufficient to make the process economically feasible.

Fig. 3 shows the evolution of research in HTL technology.
Several works found in the scientic literature are related to the
processing of algal biomass due to the higher bio-oil production
RSC Sustainability, 2025, 3, 3228–3265 | 3233

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00148j


RSC Sustainability Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
iu

ni
e 

20
25

. D
ow

nl
oa

de
d 

on
 0

7.
01

.2
02

6 
17

:5
7:

02
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
of some species, with yields exceeding 30% and a corresponding
higher energy recovery ratio. This is particularly true for lipid-
accumulating microalgae. The possibility of integrating CO2

capture together with using process HTL water for algae culti-
vation to recycle ammonia and other nutrients such as phos-
phates are the main features for considering this approach
a feasible option for biofuel production.77–79 However, the latter
claimed advantage requires a high dilution of the HTL process
water when serving as culture media,80 which may jeopardize
the approach's feasibility under large-scale conditions. López
Barreiro et al.81 conducted experiments of growing trials of
Nannochloropsis gaditana, Phaeodactylum tricornutum, Chlorella
vulgaris and Scenedesmus almeriensis using nutrients recovered
from the aqueous phase of the HTL process. Only C. vulgaris
and N. gaditana were able to grow at a low dilution rate (75% of
nutrients were derived from the HTL water phase), thus highly
impacting the economic recycling of the process by-products.

Another relevant advantage of considering algae as a feed-
stock is that cultivation is performed in water, thus avoiding
issues related to land use, land use changes, or competition
with feed crops. Additionally, unlike other thermal processes
such as combustion, pyrolysis, and gasication, HTL does not
require a drying stage, which hurdles the energy balance of the
valorization approach. On the contrary, the HTL process
requires a certain amount of water; therefore, the processing of
algal biomass only includes liquid–solid separation stages,
which are less energy intensive. In addition, the high ash
content and low energy density of this type of biomass (13–14
MJ kg−1) would not represent a signicant problem, as would be
the case if combustion is selected as the valorization option.82

An additional interesting feature is that lipid extraction proce-
dures are avoided when processing high-lipidic biomass. The
oil yield obtained is further increased because hydrothermal
processing also generates oils from the cellulose and protein
contained in the original material.83 In the case of high protein
content microalgae, oil yields are lower, but co-processing with
high carbohydrate content biomass may aid in increasing bio-
crude yields thanks to their interacting effects.84

Nevertheless, the advantage of processing wet material
disappears when dealing with the treatment of large amounts of
process water from the liquefaction and when using seawater-
grown algae. Water generally reduces the efficiency of the HTL
process because it increases the mass of material to be heated
up to the desired working conditions. About 40% of the carbon
content of the feedstock can be found in this process water,
which can be highly toxic.85,86 For example, Shanmugam et al.87

reported an organic content of 62.5 g COD/L in HTL process
water (where COD represents chemical oxygen demand). It is
also important to consider that using fresh water in regions
where water scarcity is a concern would reduce the large-scale
deployment of the technology.

In the case of growing marine microalgae as raw biomass for
the process, the use of seawater also as a solvent may be
considered to benet the water balance. However, using
seawater as a solvent has been tested in the HTL process but
without showing any promising results when treating high
lignocellulosic content biomass. The performance decreased
3234 | RSC Sustainability, 2025, 3, 3228–3265
due to the adverse effect of NaCl, which mediated the decom-
position of intermediates and increased char production.88,89

On the contrary, when treating algal biomass, results were more
optimistic, showing no adverse effects, or a slight decrease in
biocrude yield,90 which may solve the concerns regarding the
use of fresh water in water scarce regions, leaving the expected
corrosion problems and higher maintenance costs to await
a viable solution.

In addition to algal biomass, different types of raw materials
and wastes have been proposed as suitable inputs for obtaining
bio-oils, with recent work focusing on exploiting feedstock
composition to enhance bio-oil production by promoting
interactions between materials. However, there are still many
challenges associated with scaling up the technology, which
requires research at a pilot plant scale and in continuous
operation.

Several experimental works deal with the HTL trans-
formation of sewage sludge, livestock waste, agricultural resi-
dues, lignocellulosic biomass, digestate and macro and
microalgae indistinctly of its lipid content,77,82,85,88,91,92 since
HTL allows the reaction of biomass components to favor oil type
products disregard of its ash content, making it also particularly
suitable for valorizing low-lipid microalgae.93–95 However, in the
case of sewage sludge, new concerns have arisen with the fate of
some organic contaminants, such as per- and polyuoroalkyl
substances, which may not be fully mineralized in the process.96

It should also be added that the high nitrogen content of sludge
makes the subsequent upgrading process of bio-oil, particularly
challenging due to the presence of amines and heterocyclic-N
compounds.97 Therefore, given that bio-oil yields are usually
between 10% and 30%,97–99 the perspective of obtaining valu-
able oil-type products from this raw material is reduced due to
its poor energy recovery and difficulties in removing nitrogen
from bio-oil.
2.1 Characteristics of materials frequently used as organic
inputs for obtaining bio-oils

Table 2 shows a list of different materials commonly used in
HTL experiments. Average values are given in this table based
on data published in the scientic literature. The interest in
obtaining bio-oils is associated with the expected better
economy of the process to produce a liquid fuel that, aer
upgrading, can replace fossil fuels. This aspect has recently
increased its relevance due to the major efforts to decarbonize
the economy and explore different technological pathways to
supply drop-in biofuels. Given the chemical composition of the
raw materials typically considered as suitable feedstock, a bio-
crude enriched with oxygen and nitrogen is expected, with
heating values in the range of 30–36 MJ kg−1, and characterized
by high viscosity and instability.74,100 Table 2 also shows the
great diversity in the composition of the different raw materials
used as HTL process inputs. It is clear that the high ash content
will limit the yield achievable in the global process. Addition-
ally, factors such as localized waste production, seasonal
availability, and pretreatment requirements will impose
constraints on its feasibility, similar to other biomass fuel
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Characteristics of raw materials frequently used as substrates in HTL process

Parameter Sewage sludge Swine manure Cow manure Lignocellulosics

Algae biomass

Lipid rich Protein rich Carbohydrate rich

References 77, 91, 98, 99
and 101–108

77 and 109–112 104, 111
and 113–117

89, 99, 101, 104,
114–116
and 118–124

83, 105 and
125–127

77, 80, 101, 125,
126 and 128–130

83, 125 and
130–133

Composition (%)
Carbohydrate 26.8 � 20.4 36.8 � 1.6 40.4 � 4.8 65.9 � 8.6 18.4 � 7.2 26.1 � 5.6 60.6 � 14.3
Cellulose 12.7 � 3.6 21.3 � 8.0 39.2 � 8.6
Hemicellulose 24.0 � 5.8 13.9 � 1.6 26.5 � 10.5
Protein 21.7 � 11.9 19.7 � 4.6 11.6 � 5.2 38.5 � 12.7 50.3 � 12.8 14.0 � 6.0
Lipid 18.4 � 4.71 4.7 � 4.0 1.0 � 0.4 32.0 � 15.0 8.7 � 4.5 3.2 � 2.1
Lignin 2.8 � 1.8 15.0 � 12.8 24.6 � 8.8
Ash 33.6 � 14.0 21.4 � 9.7 14.2 � 9.9 3.2 � 4.3 9.5 � 7.8 13.0 � 8.0 20.9 � 9.0

Elemental analysis (%)
C 34.6 � 15.6 35.0 � 6.4 39.8 � 6.1 46.6 � 4.4 51.5 � 7.4 51.2 � 14.1 33.3 � 5.0
H 5.3 � 1.4 4.9 � 0.6 4.7 � 1.3 6.0 � 0.7 7.3 � 1.4 6.3 � 1.0 5.0 � 0.7
N 4.9 � 2.2 2.6 � 0.7 1.8 � 0.6 0.4 � 0.4 6.2 � 1.7 8.0 � 2.3 2.5 � 1.2
S 1.35 � 1.0 0.6 � 0.1 0.7 � 0.3 0.2 � 0.2 0.6 � 0.3 0.6 � 0.2 1.6 � 1.0
O 23.0 � 6.25 40 � 5.7 44.3 � 11.3 44.1 � 3.3 25.7 � 4.5 22.2 � 13.7 40.6 � 11.3
HHV (MJ kg−1) 18.5 � 3.0 12.5 � 2.1 16.1 � 2.6 15.7 � 1.3 25.6 � 4.1 24.6 � 8.1 13.2 � 2.8
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production methods like gasication or pyrolysis. However, the
specic operating conditions in this case may introduce addi-
tional technical restrictions that could hinder the broader
application of this approach.

2.2 Reactions taking place during HTL of biomass

Biomass conversion during HTL liquefaction involves initial
hydrolysis producing monomer structures, subsequent
decomposition, where smaller molecules such as glucose,
organic acids and phenolic compounds are produced and
nally, recombination where water insoluble products are
Fig. 4 Schematic representation of organic conversions taking place
during the hydrothermal liquefaction process.

© 2025 The Author(s). Published by the Royal Society of Chemistry
formed (Biocrude and hydrochar), with main reactions
involving condensation, cyclization and polymerization.61,134

Fig. 4 shows a schematization of reactions involved in lique-
faction of organics. Although the scientic literature contains
a vast amount of research, reaching a consensus on various
experimental results has proven to be quite challenging. This
complexity arises from the considerable inuence that reactor
operating conditions have on the composition and distribution
of products, as well as the inherent effects related to the mineral
and elemental composition of the biomass.

Glucose and 5-(hydroxymethyl)furfural (5-HMF) are the main
products of cellulose thermal reaction under liquefaction
conditions. The crystallinity index affects the conversion, with
amorphous cellulose undergoing transformation at lower
temperatures.135 However, glucose usually reacts at the
optimum temperatures recommended for favoring biocrude
formation, forming condensed species. Thus, its presence is
usually not reported in the organic composition of process
water,136 and the HTL treatment of pure saccharides results in
high solid residue yields and poor biocrude production.137 The
effect of reaction time is usually smaller than that of tempera-
ture, but it has been demonstrated that increasing this
parameter affects CO2 evolution, char formation and oil and
process water quality. Nevertheless, quantifying the effect of
reaction time is not as simple as it may seem because many
researchers do not report on heating or cooling ramps applied,
which also affect the nal composition of products.

Fig. 5 shows char yields obtained by different authors plotted
against the biomass ash content (see in Table ESI†). It is clearly
observed that the higher yield obtained from lignocellulosic
biomass is in line with its higher lignin and carbohydrate
content. Algal biomass data are more dispersed due to the
variability in composition.
RSC Sustainability, 2025, 3, 3228–3265 | 3235
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Fig. 5 (a) Char yield reported by different authors, (b) biocrude yield
reported by the same authors. Values are represented against the
biomass ash content considering data from HTL of sewage sludge,
manures, lignocellulosic and algae biomass. Values were obtained
from references (see ESI†).77,91,98–133
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The data plotted in Fig. 5 was grouped without taking into
account process conditions. However, some characteristics are
easily observable, as it is almost a linear trend of char yield with
ash content, and the variability of results when considering bio-
oil production, particularly when focusing on data reported
from algal biomass, as well as the low productivity of lignocel-
lulosic biomass. The low yield of biocrude from biomass,
despite its surprisingly low ash content, can be attributed to its
carbohydrate composition. Species with higher carbohydrate
content tend to exhibit lower biocrude yields, similar to the
trends observed in lignocellulosic materials.

Table 3 lists the main results obtained from experiments
carried out with real biomass. As the table shows, many of these
experiments were performed under batch conditions using
small reactors with volumes of a few milliliters. The effect of
retention time, temperature, and solid content of the feed are
the parameters usually selected for evaluating process perfor-
mance. The testing of different waste mixtures has recently
been evaluated, focusing on the application of fast heating rates
to increase biocrude production.115,138,139
2.3 Process parameters affecting biocrude yield

The main process parameters studied are temperature, reten-
tion time and biomass solid content. However, the experimental
conditions, either batch or continuous process, and the heating
rate applied also determine the distribution of the products.
Biocrude production is higher at shorter reaction times; thus, it
is assumed that biomass compounds are initially converted into
oil-type organics and then braek up either forming soluble
aqueous fractions or producing gases and solids as the reaction
time is increased.140 However, this is just a simplistic
3236 | RSC Sustainability, 2025, 3, 3228–3265
explanation of the whole process, as the interactions between
the main components of the sample and the operating condi-
tions dictate the outcome, which can be even contradictory for
the same operating conditions when the proportions between
carbohydrates, proteins, lipids, and lignin are changed.137

Fig. 5b shows biocrude yields reported by several authors
from different biomass types, evidencing how low ash content
biomass can yield high values of biocrude but also extremely
low values (close to 10%). Chopra et al.141 reported a concomi-
tant increase in biocrude and char production with increasing
temperature (using as biomass de-oiled yeast), whereas Xu
et al.98 reported a decrease in char production with increasing
temperature along with an increase in biocrude yield when
testing sewage sludge.

The different distribution of components also affects the
biocrude yield, reporting synergistic effects when mixing
carbohydrate-rich and protein-rich compounds. Thus, greater
biocrude yields for the mixture are usually explained by the
favoring of Maillard reactions,142 but this better performance of
bio-oil production is accompanied by a disadvantage, which is
the increased content of nitrogen-containing compounds.
Therefore, when analyzing process outcomes, the combined
effect of operating conditions and biomass composition must
be clearly highlighted. The explanation of results that at rst
sight may be cataloged as contradictory is easily understandable
from the effect that nitrogen compounds may play during
process reactions and the way heating and cooling conditions
were applied. No description is typically found in the scientic
literature regarding the time required to reach the desired
process temperature, and when this information is available,
there is oen a lack of details associated with the subsequent
cooling procedure. It is reasonable to assume that during slow
cooling, condensation reactions continue to occur; thus, the
results reported are derived from the global experimental
conditions, namely, the heating ramp, set reaction temperature,
and time, as well as the cooling ramp.

Leng et al.100 analyzed data reported in the scientic litera-
ture on the formation of nitrogen compounds, indicating that
the composition of the raw material evidently dictates the trend
in the formation of N-containing molecules. Therefore, a high
protein concentration may lead to higher levels of these
compounds as the HTL temperature increases, but a different
distribution in the biochemical composition may also lead to
opposite results, leading to a lower nitrogen content as the
temperature increases. In general, the outcome of the process is
better explained using an empirical index proposed by Qian
et al.,71 which aggregates temperature and reaction time into
a single parameter denoted the severity index (SI). This
parameter facilitates a better understanding of the yield ex-
pected for different products based on the values adopted by SI
for a given type of raw material.

Fig. 6 summarizes the data reported in the literature by
plotting char and biocrude yields for the most common types of
biomass used as raw material. A clear decrease is observed in
char yield with increasing temperature. However, the perfor-
mance in terms of biocrude yield shows, in many cases, an
increase followed by a subsequent decrease as temperature
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Representation of char and biocrude yields reported in ref. 77, 91 and 98–133 for different raw materials.
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keeps increasing, indicating the presence of an optimum
condition, although some results show small changes with
temperature variation. The experiment carried out by He
et al.,114 using corn cob as biomass and testing temperatures
above 300 °C, is notorious because a decrease in biocrude
production is observed with temperature increments, probably
indicating that optimum conditions may be located in this case
at a temperature around 300 °C or even lower. The results re-
ported by Saba et al.,104 may help clarify process performance.
The optimal temperature reported in this case was below 300 °C
when treating lignocellulosic material.

The distribution of carbohydrates, proteins and lipids in the
raw material largely determines the process oil recovery.
3240 | RSC Sustainability, 2025, 3, 3228–3265
Therefore, some authors have proposed the treatment of
biomass mixtures to enhance performance by taking advantage
of the synergies between protein and carbohydrate reactions.
Such is the case studied by Wang et al.,162 testing mixtures of
microalgae (Chlorella vulgaris) and macroalgae (Enteromorpha
clathrata). The former biomass is high in protein, while the
latter is high in polysaccharides. Their HTL experiments
showed better yields for the mixtures than for processing any of
the two single biomasses.

The abundance of data available in the scientic literature
has enabled the assessment of the information to predict
process yields, although difficulties associated with identifying
process conditions and sometimes the lack of accurate
© 2025 The Author(s). Published by the Royal Society of Chemistry
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description of experimental results make this task daunting.
Guirguis et al.163 assessed these data and reported that biomass
component additive models gave good performance when
applied to some specic biomass compositions but yielded poor
results above certain thresholds, particularly when a single type
of compound accounted for most of the biomass content.
However, the prediction of the process performance must also
consider operating conditions. Empirical models may seem
incomplete unless these factors are included in the equation.
This is the approach taken by Yang et al.137 and Aierzhati
et al.,161 who included temperature, time, and biomass loading
as parameters in the empirical model, reporting a high
prediction capacity, which is logical given the large inuence
these parameters have on the outcome.

The maximum oil production is obtained when the water is
kept at subcritical conditions, with the gas phase containing
mainly CO2. The oils generated at lower temperatures usually
have a high content of fatty acids and alkanes. They can be
classied as lipids with some hydrophobic protein fragments.
In contrast, increasing the process temperature leads to reac-
tions that resemble pyrolysis, obtaining carbohydrate deriva-
tives such as furans, products derived from the interaction
between carbohydrates and proteins (alkyl-pyrrolidinones, pyr-
azines, pyrroles, and melanoidin-like materials), and polycyclic
aromatic hydrocarbons, with the gas phase also containing
Fig. 7 Biocrude composition reported by different authors and their HH

© 2025 The Author(s). Published by the Royal Society of Chemistry
methane and light hydrocarbon gases. The latter phenomenon
is mainly responsible for increasing oil yields and producing
nitrogenous compounds in the oil.164,165

Fig. 7 shows the composition of biocrudes reported by
different authors and the energetic content of these oils.
Lignocellulosic biomass reports the highest content of oxygen
and, therefore, lower values of energetic density. The reaction
temperature is the most inuential parameter affecting not only
the bio-oil yield but also its quality, with an increase in this
parameter leading to higher biocrude production (until
a maximum is reached) while reducing its oxygen content and
increasing higher heating value (HHV).166,167 This trend is also
evident in Fig. 8, where the dashed lines connecting the data
sets of the same authors illustrate the effect of increasing
temperature.

The main bio-oil components identied in the literature are
presented in Table ESIII in the.† The optimum temperature is
usually around 300 °C, and operating above the optimum may
lead to an increase in heavy hydrophobic compounds and, in
some cases, to higher solid char residue based on the statement
of Déniel et al..168

The extraction procedure affects the yield and composition
of the biocrude, with dichloromethane (DCM) showing the
highest recoveries, although the use of different types of
solvents gives acceptable performance with yield variation of
Vs. Average values from ref. 77, 91 and 98–133.

RSC Sustainability, 2025, 3, 3228–3265 | 3241
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Fig. 8 Oxygen content in bio-oils reported by different authors. Trend lines were used for fitting experimental runs carried out at different
temperatures in the same run (see in Table ESII†).
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around 20%.169 Acetone is the most frequent extracting solvent
used for obtaining lignocellulosic HTL derived biocrude. The
extraction procedure applied for recovering biocrude differs
depending on the solvent selected and, therefore, affects the
properties of fractions recovered, having different chemical and
physical characteristics. However, the selection of the appro-
priate solvent must take into account the scaling up of the
process and the possible challenges associated with the
subsequent upgrading of the biocrude. In this line, Jahromi
et al.170 tested four different solvents (DCM, acetone, hexane and
toluene) for extracting oil components and indicated that
although hexane showed poor recovery, it provided the highest
quality oil when considering further hydrotreatment. On the
contrary, DCM which is commonly used to evaluate process
performance, was demonstrated to be challenging in the
subsequent upgrading stage, probably due to the high chloride
3242 | RSC Sustainability, 2025, 3, 3228–3265
content. Kilgore et al.171 are one of the few works that evaluate
the further processing of biocrude through solvent extraction
procedures, highlighting the importance of selecting a proper
solvent suitable for industrial applications, a fact that is not
usually considered in most batch scale experiments.

Several reports exist that deal with batch HTL conditions at
the laboratory scale. Still, the number of experimental works
carried out on a pilot scale and under continuous operation is
scarce in the scientic literature. This is explained by the diffi-
culties of operating with high-pressure equipment, nding
suitable pumping devices capable of handling a high solid
content feed at a laboratory scale and outstanding elevated
pressure, along with the high cost of the installation. The work
of Wądrzyk et al.172 is one among the few assessing temperature
and residence time. These authors indicated that temperature
had a more pronounced impact on the product yields and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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distribution than reaction time. The substrate treated was
microalgae biomass (low lipid Scenedesmus sp), which allowed
them to infer conclusions on the formation of complex cyclic
nitrogen organics. At the highest temperature tested (350 °C),
a longer residence time led to a decrease in the content of
oxygenated compounds without observing any impact on the
molecular weight distribution.

The liquefaction time is typically around a few minutes
because retaining the material for longer periods inside the
reactor allows time for recondensation reactions and repoly-
merization.173 However, based on the type of feedstock used,
increasing the holding time may result in greater biocrude
yields in some cases, as in the experience carried out by Zhang
et al.174 treating lemon peel. Therefore, in some experiments,
holding times close to 1 h or longer are applied,175–177 usually
in those performed under batch conditions. In the case of
Zhang et al.,174 they tested a series of runs to elucidate the
interaction effect of common parameters (temperature, time,
and solid content), showing that increasing reaction time,
contrary to other studies, led to an increase in biocrude yield
which was greater as the solid concentration of the material
was decreased. A similar study by Zhuang et al.178 also showed
comparable outcomes. These authors treated a waste material
with high protein content, but in their experiments, the
residence time had a lower impact on oil production.
However, the study by Vo et al.179 showed that at high
temperatures (400 °C), the liquefaction of algal biomass led to
higher biocrude yields with shorter residence times (less than
10 min). The difference in the reported results is primarily
attributed to the composition of the raw materials and the
heating conditions applied (heating rate and heating homo-
geneity of the system).

The ratio of biomass to water addition is usually established
around 1 : 10 mass units (dry biomass : water) in many experi-
mental works because below supercritical conditions, the
density and dielectric constant of water changes, acting as
a solvent and hydrogen donor favoring the hydrolysis of
organics.74,180 Lowering the biomass-to-water ratio leads to
a higher concentration of organics in the solution, favoring
condensation reactions and increasing the amount of char
produced and its carbon content. However, reducing the water
content also benets the global energy balance; therefore, some
authors have reported working conditions with low values, such
as a biomass : water ratio of 1 : 3.82,181 Higher increases in this
ratio do not lead to higher biocrude yields; but merely increases
energy consumption.
3 Operating conditions to improve
process performance

The diversity of materials suitable for liquefaction imposes
some operational constraints related to the composition of the
material, the moisture content and the uid properties attained
once the feeding mixture is prepared. In the case of lignocel-
lulosic biomass, large quantities of water need to be added,
which would translate into an excessively high water footprint
© 2025 The Author(s). Published by the Royal Society of Chemistry
unless the recycling of process water is included as an opera-
tional feature of the plant. However, the organic content of the
HTL process water has an impact on the biocrude yield and its
characteristics. Ramos-Tercero et al.182 tested the recycling of
the aqueous phase for up to six cycles, indicating an increase in
oil yield until a steady level of oil production is reached. Similar
results were reported by Zhu et al.183 who treated barely straw,
also indicating an increase in biocrude production with water
recycling. Their results are in line with recent experiments
carried out by Awadakkam et al.184 who tested sowood and
hardwood as suitable rawmaterials for the liquefaction process,
reporting better process performance for the sowood type.
These authors obtained a 47% increase in biocrude yield thanks
to the recycling of process water and an improvement in bio-oil
quality.

A similar approach is adding water containing organic
compounds, as it would be the use of wastewater, thus aiding
in the transformation and increasing the biocrude yield, as
shown by Harisankar et al.89 However, this feature is only
possible when the nitrogen content of the feeding material is
low; otherwise, it would lead to the accumulation of nitrogen
compounds in the bio-oil. The study carried out by Jensen
et al.185 demonstrates this fact. Their experiments were carried
out under continuous conditions and showed that ammonia
initially released during HTL conversion and returned with
the recycling water not only increased the nitrogen content of
the biocrude, but also inhibited subsequent hydrotreatment.
Shah et al.186 tested the biocrude production from sewage
sludge applying water recycling as well. Energy recovery was
increased up to 50%, but the recycling strategy led to an
increase in bio-oil nitrogen content, which almost doubled
aer 8 cycles.

Mahima et al.187 proposed the use of HTL process water in
a pretreatment stage when treating microalgae (Scenedesmus
obliquus) under mild conditions (60 °C and 120 min), taking
advantage of the presence of acids in the aqueous phase and of
organics that can be recovered as oil in the HTL treatment. This
sequence of operations enabled an increase in the bio-oil to
48.5%, compared to a value of 28.4% obtained without
pretreatment, also improving the quality of oil by increasing the
HHV to 36.2 MJ kg−1. Although an increase in the solid residue
was also reported, this was not as signicant as the effect on bio-
oil production. The increase in the nitrogen content of the
biocrude was small (9.56% N content for the pretreated sample
versus 8.62% for the one derived aer the liquefaction of the raw
sample). However, the reduction in oxygen content was more
relevant, with a value of 30.5% of elemental oxygen for the raw
sample and 11.2% for the biocrude derived from the pretreated
system.

Many reports focus on the energy recovery of the process by
considering the energetic units associated with the biocrude
and that of the raw material. Nonetheless, the energy balance
becomes less favorable when considering the energy required to
heat the entire slurry mixture and the reactor. Anastasakis
et al.101 evaluated the performance of a pilot plant with a feed
capacity of up to 100 L h−1 and a process volume of approxi-
mately 20 L, indicating that a high biomass loading (greater
RSC Sustainability, 2025, 3, 3228–3265 | 3243
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than 15%) is needed to get a positive balance. The best perfor-
mance was obtained when using Miscanthus and Spirulina as
biomass, with energy recoveries of 2.8 and 3.3 units. However,
this value was lowered to 0.5 units in the case of sludge. Anas-
tasakis and Ross188 reported that the energy output of the
process may be similar to that of the anaerobic digestion
process when treating different types of macroalgae. If this is
the case, opting for the digestion process may be more
reasonable, given the lower capital investment associated with
this latter technology and the simplicity of upgrading biogas
and treating byproducts.

There is a lack of signicant work dealing with process
characteristics under continuous conditions, energy demand,
pumpability issues, and maintenance costs associated with
operating under subcritical conditions. The studies by Sinta-
marean et al.189 and Dãrãban et al.190 are among the few that
cover pumpability aspects of wood slurry, proposing the use of
alkaline conditions to attain owability at high solid content of
biomass. However, alkaline conditions have been shown to
increase corrosion in steel alloys, which becomes a relevant
issue during prolonged operation.191 This is a major challenge
as lignocellulosic biomass requires the addition of an alkaline
substance to improve ow characteristics and liquefaction
performance. Therefore, technology deployment is highly
dependent on the reactor costs associated with high-endurance
steel alloys capable of withstanding highly corrosive conditions,
such as acids, chlorides and suldes which are commonly
present during biomass conversion.192

The HTL process is claimed as a suitable alternative to other
thermal processes such as combustion, gasication, and
pyrolysis, with the main advantage being the absence of drying
as prerequisite for raw material processing. Nonetheless, the
difficulties in handling a wet slurry that must be pumped at
high pressures and the subsequent treatment of by-products
can negate any initial benet previously highlighted. Gasica-
tion and pyrolysis products also require posterior processing.
Fischer–Tropsch synthesis is considered the logical strategy for
transforming biomass syngas into valuable hydrocarbons, with
several years of scientic experience analyzing the feasibility of
the approach.193–195 Pyrolysis technology also counts with
extended experience in this eld, with several demonstration
plants tested worldwide and a plethora of scientic reports
assessing feasibility.196–198 However, this is not the case for the
HTL process, as most scientic documents found in the litera-
ture deal with small-batch scale reactors. The limited number of
experiences carried out at a pilot scale may be considered
a demonstration of the difficulties encountered when following
this valorization path.

The application of pretreatments prior to the HTL process
has been proposed as a way to increase bio-oil yield and reduce
the content of nitrogen and oxygen. Li et al.199 reported an
increase in bio-oil yield from 30.85 to 37.95% aer pretreating
corn stalks with a combination of chemical and biological
stages (alkaline-acid stage combined with a fermentation stage
using Saccharomyces cerevisiae (Angel yeast)). Chen et al.200 also
tested the application of an alkaline pretreatment using K2CO3

under mild conditions (temperature of 30–100 °C and holding
3244 | RSC Sustainability, 2025, 3, 3228–3265
time of 30–120 min), acting this substance also as a catalyst in
the subsequent HTL stage. Optimization of the combined
approach enabled a bio-oil yield of 34.9%. The review pub-
lished by Fan et al.52 describes the different effects of
pretreatments such as acidic, alkaline, enzymatic, ultra-
sounds, and microwave assisted HTL, among others. The
application of these pretreatments is intended to facilitate and
enhance biocrude formation, while also improving oil quality.
However, many of these pretreatment options have costs
associated with additional equipment units and increased
operational expenses due to corrosion issues. Enzymatic
hydrolysis requires less energy and is carried out in a less
aggressive environment. The high cost of this type of
pretreatment is usually the main reason for limiting its
application. Therefore, its use appears to be more adequate in
biological processing of biomass, where a clear improvement
in fermentation performance is achieved rather than as a pre-
processing stage to the HTL technology.

Dividing the process into two stages has also been consid-
ered a suitable option for attaining better-quality oils. Eboibi
et al.201 treated Tetraselmis sp. by applying a rst thermal
hydrolysis stage (150 °C, 20 min) to extract proteins, followed by
a second HTL stage at 310 °C and 30 min. This way, they ob-
tained a 50% improvement in biocrude yield, allowing water to
be recycled and attaining a reduction in nitrogen content
between 32% and 46%. Following this same line of research,
Vadlamudi et al.202 proposed a rst HTC stage under acidic
conditions (using acetic acid as a catalyst) to extract most of the
nitrogen and oxygenated compounds in this initial stage and
then submit the hydrochar to HTL treatment. However, their
approach reduced biocrude production from 35 to 20%,
although the quality was improved.

Upgrading bio-oils with high nitrogen and oxygen content
poses a challenge, particularly in the formation of hydrochar,
which reduces the process energy recovery. Alternatives such
as the sequential HTL process were developed by Miao et al.,203

reporting 50% less char production and 5% higher oil yield.
The process was initially carried out at lower temperatures
(140–200 °C), and extracted polysaccharides were submitted to
a second HTL stage at higher temperatures (220–320 °C).
Prapaiwatcharapan et al.204 also evaluated a two-stage process
using Coelastrum sp. microalgae in a semi-continuous oper-
ating plant. The sequential process allowed the production of
a biocrude with a nitrogen content of 4.1%, whereas the best
value obtained was 6.3% for the single-stage process. Similar
results were also reported by Huang et al.,178 who reduced the
nitrogen content in the biocrude from 6.65% to 4.18% aer
applying a pretreatment to the low-lipid microalgae (Spirulina).
In more recent experimental work, a variant of the two-stage
process was studied by Usami et al.205 adding sulfated carbon
SA powder as a catalyst and HCl. The rst stage was carried out
at lower temperatures (best conditions at 200 °C for 0 min,
followed by a second stage at 320 °C without allowing for
further retention time once the desired temperature was
reached). The nitrogen content of the biocrude derived from
the processing of microalga (Fistulifera solaris, JPCC DA0580)
was between 1.97–2.21%.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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4 Catalyst addition to enhance
biocrude production and quality

The use of catalysts can greatly improve the thermochemical
process. Common alkaline catalysts tested include the use of
sodium hydroxide and sodium salts, whereas acids commonly
used to catalyze the reaction include formic acid, acetic acid,
and HCl,83,113,187,206 with early studies already reporting a signif-
icant improvement in the amount of bio-oil produced when
adding alkaline catalysts such as Na2CO3, KOH, NaOH in
a similar way to what is observed in thermo-alkaline hydrolysis
systems where these compounds enhance the reaction.82,207,208

The pH of the liquid phase inuences the reaction pathway
during biomass conversion, making catalyst selection crucial.
Acidic and neutral conditions favor the formation of 5-HMF
from cellulose, hurting biocrude formation, whereas under
alkaline conditions the main compounds are C2–5 carboxylic
acids and the efficiency of conversion is favored along with
a signicant improvement in feedstock owability,181,206 which
is essential when scaling up the treatment. Acidic conditions
are also known to aid in the formation of char due to the
enhancement of monosaccharides dehydration reactions and
cellulose conversion, along with increasing the recovery of cyclic
furan compounds in the aqueous phase.209,210

Using catalysts facilitates the distribution of nitrogen
compounds in the liquid phase rather than in the bio-oil. Biller
and Ross83 showed that when Spirulina was treated with
Na2CO3, only 4.5% of the nitrogen ended in the biocrude,
whereas a value close to 20% was obtained without a catalyst.
However, the use of this sodium salt is not recommended for
lipid accumulating algae, despite increasing bio-oil yield in the
range of 12 to 30%, because it also causes an increase in the
solid residue due to saponication reactions.211–213 Xu et al.214

reviewed the effect of catalysts in HTL of algal biomass, advising
against the use of alkaline homogeneous catalysts because of
the difficulties in recycling the catalyst during industrial oper-
ation and the adverse effect it may cause in the subsequent
treatment of the process water.

Heterogeneous catalysts have also been proposed not only to
attain an improvement in reaction conversion but also to aid in
removing oxygen from oils.215 In addition, these types of cata-
lysts can be physically separated, allowing their recovery and
continuous use in subsequent cycles.216 However, as previously
stated, the difficulties found in removing nitrogen-containing
compounds make it more feasible to consider the idea of
treating lignocellulosic biomass rather than keep on studying
microalgae as the best option. Long et al.217 tested the HTL
treatment of sugarcane bagasse for producing biocrude,
reporting a nitrogen content of 0.38% when catalysts were
added. Still, the value reported without the aid of catalysts was
already low (2.56%), close to that of biocrudes derived from
microalgae aer catalytic upgrading. However, in the case of
sugarcane bagasse, other uses of this material should be
considered since the extraction of sugars from this plant
requires the use of bagasse as a biomass fuel for heating, thus
reducing the actual availability of this material. Table 4 lists
© 2025 The Author(s). Published by the Royal Society of Chemistry
various studies found in the scientic literature that report on
the use of catalysts for treating a wide range of biomasses. As
observed from the table, the amount of work is extensive, with
the focus of recent research being placed on heterogeneous
catalysts containing metals with higher availability and lower
prices.

The application of zero-valent metals as catalysts to enhance
biocrude production, along with the use of either Ni or Co
catalysts to favor oxygen removal, was proposed by Tai et al.241 in
the treatment of oak wood to produce high-quality biocrude.
Several authors have proposed the use of Ni as a catalyst to
increase the liquefaction performance and, therefore oil
yields233,242,243 or to produce phenolic compounds of commercial
interest under low temperature (250 °C) and high pressure (80
bar) conditions as reported by Remón et al.244 using, in this case,
a microwave-assisted process. However, the main advantage of
thermal recovery is lost, thus making large scale applications
unfeasible. De Caprariis et al.245 modied the structure of a Ni
catalyst to increase its activity and avoid using metallic
supports. These authors reported that the surface modication
increased the oil yield at lower temperatures and signicantly
reduced the reaction time. The combined addition of Ni catalyst
under basic conditions was tested by Wang et al.246 using
a mixture of isopropanol and water as solvent. The combination
of all these conditions resulted in a signicant increase in oil
yield when treating cellulose and lignin as model compounds,
reaching a value of 67% at 240 °C and a low char formation.

De Caprariis et al.226 added zero-valent iron as a catalyst for
the HTL treatment of oak wood biomass. The presence of Fe
favored the in situ production of H2, which the authors assumed
was the main reason for increasing biocrude yield (40% oil
yield), despite the low water to biomass ratio used in these
experiments (1 : 5). Considering that the nal aim is to produce
a fuel substitute, adding inexpensive catalysts is of great rele-
vance. The work performed by Cheng et al.247 aligns with the
same line of research, using red mud and red clay as catalysts in
the HTL of food waste. These authors reported a biocrude
carbon yields of 39.5–47.0% (with HHVs of 40.2 for redmud and
37.7 MJ kg−1 for red clay). These values were much higher than
those obtained without catalyst addition (biocrude yield of
19.7% and HHV of 36.1 MJ kg−1).

The addition of catalysts has been demonstrated to improve
energy recovery up to 70% and increase biocrude yields above
40%,223,230,234,237 but its benets go beyond improving energetic
performance since the addition of alkaline compounds has
proven essential for attaining proper biomass owability and
plays a signicant role in avoiding char formation and changing
the distribution of nitrogen and oxygen species between the oil
and the aqueous phase. The impact of catalyst addition is also
reected in the subsequent stages regarding biocrude upgrad-
ing and further treatment of HTL process water. Processing
lignocellulosic biomass or biomass with high carbohydrate
content is ineffective without catalysts. This is because catalytic
activity decreases the likelihood of forming condensed species,
reducing char formation. However, in some cases, the addition
of catalysts has not shown signicant improvement in oil
HHV.248 As a notable disadvantage, it is worth mentioning the
RSC Sustainability, 2025, 3, 3228–3265 | 3245
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deactivation of active sites by coking, along with the difficulties
found in catalyst recovery.249 The characteristics of the feed-
stock inuence the likelihood of coke formation, which can lead
to catalyst deactivation as coke deposits on active sites. More-
over, other factors related to the catalyst itself are also relevant,
such as its acidity, pore size, and structural properties.250 Other
deactivation mechanisms include metal poisoning and erosion
by ash components in the feed; thus, deactivation is usually
categorized into three main mechanisms: mechanical, chem-
ical, and thermal.251
5 The effect of gas phase and liquid
phases on biocrude production

Organic conversion in HTL experiments is usually carried out in
an inert atmosphere in the presence of water as a solvent.
However, modifying the gas phase or the solvent composition
has been shown to enhance thermal breakdown and favor
chemical reactions. The bio-oil phase can be increased by using
a gas phase containing a mixture of gases or a single gas (either
air, N2, H2, CO, CO2 along with the addition of catalysts). Yin
et al.113 indicated that introducing CO as a gas phase allowed for
obtaining a maximum bio-oil yield of 48.8% (310 °C) when
treating cattle manure. Air as a gas phase produced much lower
bio-oil yields than any of the other gas phases tested (CO, N2,
and H2). In another study, Theegala and Midgett252 reported
that combining the use of Na2CO3 as a catalyst under a CO2

atmosphere increased the oil yield to 24% when treating dairy
manure. Ethylene is another gas phase tested in HTL experi-
ments. Rahman et al.253 used an ethylene atmosphere to convert
sewage sludge, adding red mud as a catalyst. The presence of
ethylene maximized the biocrude yield, producing 41.6 wt%
against a value of 37.1% in the nitrogen atmosphere. The
nitrogen content of the bio-oil was reduced by 14% thanks to
the addition of the catalyst, but even the lowest value obtained
was still high (3.74% of N content in bio-oil).

Some authors have proposed the use of polar and non-polar
solvents in HTL experiments to improve the quality of the bio-
oil obtained. Such is the work reported by Valdez et al.254

testing hexadecane, decane, hexane, and cyclohexane as non-
polar solvents and methoxycyclopentane, dichloromethane,
and chloroform as polar solvents. Experiments were performed
treating Nannochloropsis sp. at 350 °C for 60 min, reporting
higher oil yields when hexadecane and decane were added as
solvents. Oils recovered when using polar solvents had a higher
carbon content and a higher proportion of fatty acids.

Early experiments carried out by Fan et al.255 testing acetone,
ethylene glycol, ethanol, water and toluene as solvents in the
liquefaction of oil palm empty fruit bunches (EFB) bers (Elaeis
guianensis) reported the positive effect of ethanol on the oil
quality. The presence of phenolic compounds was increased
when either water, ethanol, or toluene were used as solvents.
Han et al.256 added isopropyl alcohol and ethylene glycol as co-
solvents in the liquefaction experiments of microalgae biomass
(Tetraselmis sp). They reported that isopropyl alcohol increased
the bio-oil yield by 14.5 ± 4.9%, whereas the use of ethylene
RSC Sustainability, 2025, 3, 3228–3265 | 3251
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glycol had no benecial effect. Cheng et al.257 previously showed
that using 50% water mixtures with either methanol or ethanol
was highly effective in increasing oil yield. Therefore, in their
study, the bio-oil yield reached 65% (treatment conditions of
300 °C and 15 min) when testing pine sawdust as raw material.
This approach is benecial for increasing oil yields from high
cellulosic-containing material. Yerrayya et al.88 reported an
increase from 12.3% to 36.8% in bio-oil yield during the treat-
ment of rice straw by adding methanol to water (solvent
mixture). The presence of methanol improved performance and
changed the character of bio-oil, increasing the amount of
methyl ester compounds. The addition of an alkaline catalyst
further enhanced the biocrude formation, reaching a value of
40%. In addition, when considering the treatment of high lipid-
containing biomass, using methanol allows for performing in
situ transesterication, thus carrying out liquefaction and
methyl ester reaction in a single stage, as proved by Patel and
Hellgardt.258

Nevertheless, adverse effects have also been reported when
adding ethanol as a co-solvent. Caporgno et al.259 tested
different mixtures of ethanol–water as a solvent during the HTL
experiments of the microalgae Nannochloropsis oceanica. They
reported an increase in the bio-oil yield compared to the HTL
water case, but the bio-oil HHV experienced a decrease due to
the higher oxygen content. Ji et al.260 also tested ethanol as a co-
solvent in a water mixture when treating the low-lipid micro-
algae Spirulina. The addition of ethanol up to 50% increased the
biocrude yield, but further addition increased the char yield. It
seems that when the material contains large amounts of
carbohydrates or carbohydrates-lignin as it is the case of algal
biomass and lignocellulosic material, adding an organic co-
solvent may promote biocrude formation.133

Wang et al.261 tested CO2, acetone, and ethanol as solvents in
the liquefaction of pinewood sawdust, along with the use of
K2CO3 as a catalyst to increase reaction conversion. The bio-oil
yield was between 28 and 31% with the use of solvents, whereas
this value was much lower in the presence of water (17.3%). A
similar work, but with better results, regarding biocrude quality
was that of He et al..262 These authors used the lamentous
freshwater macroalga Oedogonium grown under nutrient-
depleted conditions to achieve a low nitrogen content
(1.1 wt% N). The HTL process was carried out in a continuous
ow pilot scale reactor with a treatment capacity of up to 90 L
h−1 n-heptane, toluene, and anisole were used as co-solvents
(10% addition). The biocrude presented a nitrogen content
between 1.6 and 1.9 wt% N, a value much lower than any
previously reported for algal biomass. The use of n-heptane
allowed the reduction of the nitrogen and oxygen content of bio-
oils.

Most of the studies use micro- or macro-algae as input
materials for hydrothermal processing due to the higher oil
yields derived. Manure has also been tested, although it oen
results in lower oil yields. However, the experiment by Ye et al.263

reported a 65% oil yield when using a mixture of glycerol,
methanol, and water as solvent. The result was higher than any
other experiments using these single constituents as solvents.
Glycerol was also proposed as a solvent by Chopra et al.141 in the
3252 | RSC Sustainability, 2025, 3, 3228–3265
liquefaction of residual yeast biomass aer de-oiling. The use of
glycerol greatly enhanced biocrude production, although it also
increased char formation. Lu et al.264 also tested glycerol and
crude glycerol as co-solvent to aid in the formation of biocrude
when treating a low-lipid marine macroalgae (Enteromorpha
prolifera) characterized by a high ash content (about 30%).
Crude glycerol showed a better performance because this
byproduct from biodiesel production also contains methanol
and fatty acids, which enhances the conversion, thus increasing
oil production and reducing the nitrogen content of bio-oil.

6 Treatment of the aqueous phase

In recent years, the treatment of the aqueous phase derived
from HTL by anaerobic digestion has been considered as
a feasible option given the high versatility of the process for
transforming a wide variety of organic compounds and its
capacity for receiving high-loaded inuents. Zhou et al.265

reviewed the main ndings on this topic by considering process
water derived not only from HTL but also documents regarding
HTC process water and that from pyrolysis. Even though early
researchers proposed its use as a culture medium for growing
algae as a way to close production cycles, the greater tolerance of
anaerobic cultures and their capacity for transforming organic
strength streams into biogas have turned the focus to this bio-
logical process. However, even in this case, several difficulties
have been found regarding inhibitory conditions created by the
presence of toxic compounds such as cyclic oxygenates,
nitrogen heterocyclic compounds, and their derivatives, which
categorized this wastewater as having substantial toxicity.266,267

Kulikova et al.268 studied the composition of this process water
derived from the HTL treatment of sewage sludge, reporting as
main components fatty carboxylic acids and aromatic carboxylic
acids and a low concentration in ketones and aldehydes. Table 5
reports the main characteristics of HTL process water from
different authors.

The HTL aqueous phase has been treated by anaerobic
digestion with several authors reporting almost total or partial
degradability. Zhou et al.86 reported methane yields of 500 mL
g−1 COD removed, despite the addition of activated carbon to
mitigate toxicity and the reduction of the dilution rate. Si et al.273

proposed ozone pretreatment to alleviate acetogenesis inhibi-
tion during digestion of this aqueous phase, along with the
addition of granular activated carbon to remove recalcitrant
organics and enhance carbon conversion by the anaerobic
microora. The possible integration between AD and HTL
under different congurations has been reviewed by Tatla
et al.,274 highlighting the relevance of reducing toxicity associ-
ated with the aqueous phase and that of the hydrochar ob-
tained. Otherwise the global processing of biomass may not be
feasible.

Cabrera et al.275 proposed the valorization of grease waste
from the trap of a dairy wastewater treatment plant, along with
the degradation of the aqueous phase by anaerobic digestion.
They reported a signicant reduction in the COD content
without experiencing inhibitory conditions. Dark fermentation
is another biological process capable of treating streams with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Characteristics of process water

Parameter Value

Chemical oxygen demand, COD (g L−1) 48.2–89.0 (ref. 87, 136, 160 and 269–271)
Total organic carbon, TOC (g L−1) 7.3–32.7 (ref. 87, 167, 175, 231 and 270–272)
Total nitrogen, TN (mg L−1) 83.0–22 981.0 (ref. 136, 167, 231, 270 and 271)
Ammonia (mg L−1) 614–28 100 (ref. 87, 160,167, 175 and 270–272)
Total phosphorus, TP (mg L−1) 4400–33 100 (ref. 160 and 271)
Phosphate (mg L−1) 58.9–5300.0 (ref. 87, 167, 175 and 272)
Sulfate (mmol L−1) 17.4–73.0 (ref. 175)
pH 3.8–9.49 (ref. 87, 114, 136, 231 and 271)
Formic acid (mg L−1) 8509 � 1542 (ref. 269)
Glycerol 4992 � 253 (ref. 136)
Lactic acid (mg L−1) 9758 � 1392 (ref. 266)
Acetic acid (mg L−1) 4319–29 196 (ref. 136, 175 and 269)
Propionic acid (mg L−1) 2730 � 856 (ref. 269)
Butyric acid (mg L−1) 9072 � 2136 (ref. 269)
Carbohydrates 1200 � 25 (ref. 167)
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high organic content. This process has also been proposed as
a suitable option for transforming organics contained in the
aqueous phase. Kopperi et al.276 tested the catalytic conversion
of Scenedesmus sp. biomass at low temperature (200 °C); these
conditions allow producing carbohydrate compounds compat-
ible with the dark fermentation process, thus reporting an H2

yield of 186 mL g−1 TOC removed when treating this aqueous
phase, along with methane production (131 mL g−1 TOC
removed).

Some authors have recommended applying lower tempera-
tures to reduce the presence of inhibitory compounds and
increase methanogenic production from process water.277

However, the aim of the HTL process is to produce biocrude,
and the optimal temperatures are closer to the higher operating
range.278 The process water is characterized by high organic
content, and high ammonia and phosphate concentrations
(5000 mg L−1 for ammonia and 3900 mg L−1 for phosphate87).
The efficiency of the process is highly linked to the distribution
of the raw material carbon content and the formation of high
energy density products. Zhu et al.145 reported that about 16.4 to
42.6% of the carbon content present in the input material can
be found in the aqueous phase (HTL treatment of corn stalks),
with this percentage increasing with the increase in tempera-
ture without affecting the carbon recovery in the oil phase,
hence the relevance of valorizing this process water. The organic
components found in the aqueous phase are characterized by
an acidic nature (carboxylic acids), phenolic compounds and
simple sugars may be present when the treatment temperature
is low, whereas the complexity of thesemolecules increases with
the increase in the HTL temperature.279

During the treatment of high lipid-containing microalgae,
a lower tendency to accumulate nitrogen in bio-oil was
observed, but as the protein content increases, so does the
nitrogen content of the bio-oil and that of the aqueous phase,
with about 50% of the N input found in aqueous compounds.127

Lu et al.110 indicated that up to 37% of the nitrogen present in
the raw sample can migrate to the aqueous phase, becoming
part of ammonia and small molecules of pyrazines, pyrroles,
and pyridines. Higher migration to the aqueous phase was
© 2025 The Author(s). Published by the Royal Society of Chemistry
reported by Liu et al.,108 with values ranging from 65.8 to 76.3%
when treating Spirulina, and by Yu et al.93 when treating low-
lipid microalgae (Chlorella pyrenoidosa), indicating an
increase in these compounds with the increase in temperature
and time. Wu et al.280 reported that up to 35% of the nitrogen
migrated to the biocrude and that the increase in treatment
temperatures caused an increase in the aromaticity of the
nitrogen-containing compounds constituting the aqueous
phase. These results provide an indication of the potential
difficulties that may be encountered when attempting to treat
this process water biologically. The increase in the treatment
temperature causes an increase in the ammonia concentration
of the process water,108,272 but it also results in a higher
complexity of nitrogen-containing compounds, creating diffi-
culties when considering a biological stage as a treatment
option.

The high complexity of compounds dissolved in the process
water has led to the attempt to apply microbial electrolysis cells
(MEC) to aid in their conversion. MEC systems have become
popular for assisting in various complex biological processes,
thanks to the use of bioelectrodes that facilitate the transfer of
electrons to cells, resulting in a faster reaction rate for some
organics and the biological degradation of recalcitrant
compounds.112,281 Jiang et al.136 reported a nitrogen organic
content of 1476 ± 86 mg L−1 (mainly pyrazine and pyridine type
compounds) for the process water derived from the HTL treat-
ment of food waste. Treating this stream with an MEC allowed
for a reduction in carbon content, but the removal of organic
nitrogen was only 22%, thereby demonstrating the need to
introduce other pre-treatments to facilitate its degradation.
Table 6 lists some of the experiments reported in the scientic
literature on the treatment of process water.

The integration of anaerobic digestion and HTL has the
potential to offer benets that extend beyond the treatment of
process water, encompassing the entire process itself. Speci-
cally, this approach entails the utilization of an existing tech-
nology for the digestion of livestock waste, with the subsequent
addition of an HTL stage for the treatment of digestate, as
proposed by Kassem et al.,284 just as it has been previously
RSC Sustainability, 2025, 3, 3228–3265 | 3253
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proposed with other thermal technologies.285–287 However, the
feasibility of this approach must confront the high capital
investment of these units for attaining digestate valorization
and the small scale of many farms, which is preferable in many
countries due to the intrinsic rejection that the population
usually exerts on large farms, despite the better efficiency of
centralized units when considering manure treatment.16,288

Therefore, the integration of HTL and anaerobic digestion
initially seems more feasible when considering large scale
digesters such as those operating in WWTPs. Cabrera et al.289

analyzed the energy recovery when digestion and HTL are
working in a coupled conguration, reporting a recovery of
more than 70% when HTL is used either as a rst stage (HTL–
AD) or as an intermediate stage (AD–HTL–AD). The study
carried out by Hussain and Anastasakis290 is in line with this
statement, reporting that only large scale WWTPs may have the
capacity to confront the high operating costs of the HTL
process.

The most effective treatment to date is to submit the process
water to severe thermal conditions, such as the use of super-
critical units. Marrone et al.159 successfully tested the complete
process under bench-scale conditions. The hydrothermal
liquefaction of sludge and subsequent bio crude upgrading,
along with the oxidation of the process water in a catalytic
hydrothermal gasication unit, effectively reduced nearly all
organic materials, resulting in concentrated ammonia water
with values ranging from 2080 to 5430 mg L−1. As with the
biocrude, the characteristics of the process water depend on the
composition of the raw material, with low pH values associated
with the liquefaction of high cellulose-containing biomass that
releases acidic compounds into the liquid phase, whereas
protein-rich materials release ammonia from their thermal
decomposition leading to a pH value above neutrality.114

Duan et al.175 also reported the treatment of process water
derived from eight different types of micro and macroalgae
using supercritical conditions. Most of the experimental results
indicated a successful removal of the organic content, with
values above 84%. However, in two cases, the TOC removal was
below 70% (for Macroalgae Ulva prolifera, the authors reported
a removal of 57.1% and for Zostera marina with a removal of
66.8%). Given the severity of the process, the low removal values
obtained for some macroalgae are a clear indication of the
complexity of organic compounds formed and the difficulties in
nding a suitable conversion process capable of achieving high
removal rates. Unless all process specic issues can be resolved,
the feasibility of translating the technology from a laboratory
scale to commercial deployment is far from becoming a reality,
given the extreme operating conditions (highly corrosive envi-
ronments and high pressure) and the high energy demand
associated with the conversion itself and subsequent treatment
of the bio-oil and byproducts.

7 Upgrading biocrudes

Producing biocrude from the HTL process is only the rst step;
rening is needed and in particular, adapting further process-
ing to the current technology already available for petroleum
© 2025 The Author(s). Published by the Royal Society of Chemistry
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crudes is of key importance. Catalysts have become a close
partner of all research lines dedicated to the thermal conversion
of biomass, whether for gasication, pyrolysis and, of course in
the present case, for liquefaction. Catalysts enable the produc-
tion of higher yields, enhancing product quality and mini-
mizing the presence of undesirable compounds, such as heavy
hydrocarbon products.291,292 Despite several years of research,
only a few documents deal with pilot-scale experiments, given
the high operating costs at such severe reaction conditions and
the requirement for bio-crude upgrading which is also per-
formed at high temperatures. The main exception is the tech-
nical work related to the Hydrofaction™ process, which can
produce a biocrude with 2.2% oxygen aer submitting the
material to hydrotreatment using commercial presulded
CoMo and NiMo as catalysts.293,294

Upgrading of biocrude under supercritical conditions has
been proposed as an option for removing undesirable hetero-
atoms. Hoffmann et al.295 reported that the bio-crude derived
from lignocellulosic biomass would need minor up-grading to
make it compatible with current rening up-grading technolo-
gies. In subsequent work, Jensen et al.296 reported the feasibility
of deoxygenating bio-crude derived from lignocellulosic
biomass using a conventional NiMo/Al2O3 catalyst. The tested
hydrotreatment produced a bio-crude with an oxygen content of
0.3% (w/w) and an HHV of 43.7 MJ kg−1. The experimental
result of Yu et al.297 was in the same line, obtaining the best
performance with the same type of catalyst, although the oxygen
content was higher (2.4%).

However, in the study by Patel et al.,298 where the hydro-
treatment of algae-derived biocrude was evaluated, in this case
using different types of catalysts, the run with Pt/Al2O3 showed
the best performance, but the oxygen content was higher (1.6%)
than that reported by Jensen et al.296 for lignocellulosic biomass,
and the nitrogen content reported in this case was 2.87%.
Therefore, as these authors stated, there is a need to develop
catalysts capable of reducing the nitrogen content of crudes or
include pretreatment stages prior to hydrothermal processing
to lower nitrogen content. In the same line, was the previous
study by Bai et al.,299 in which a screening of different
commercial catalysts was made for upgrading HTL biocrude
from Chlorella pyrenoidosa. These authors proposed a two-stage
upgrading process based on a rst hydrotreatment performed
without a catalyst and a subsequent stage using a Ru/C–Raney-
Ni catalyst mixture. Their process reached a 2% content in
nitrogen from a starting point of 8% in the bio-crude. However,
the oxygen content in the raw biocrude was already low (2.1%)
and did not seem to improve signicantly.

Guo et al.300 tested Ni–Mo/Al2O3 and NiW/Al2O3 catalysts at
250 °C and 400 °C for upgrading biocrude derived from
microalgae (Chlorella vulgaris and Nannochloropsis gaditana).
They obtained better results at the highest temperature. The
HHV of the biocrude was increased from 33.8 MJ kg−1 to almost
43 MJ kg−1 for the upgraded oil, and the nitrogen content was
decreased from 6.9% to 3.2–3.6% in the best case (using NiMo-
based catalyst). A similar work was carried out by Moazezi
et al.,301 also using Ni–Mo/Al2O3 and Chlorella vulgaris as
biomass, but in this case, reporting lower nitrogen removal.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Thus, the nitrogen content of bio-oil was found to be 6.8% aer
upgrading.

Shakya et al.302 screened ve types of catalysts (Ni/C, ZSM-5,
Ni/ZSM-5, Ru/C and Pt/C) for upgrading biocrude derived from
HTL of Nannochloropsis sp. The best-upgraded quality was ob-
tained at 350 °C (maximum temperature tested), with Ni/C
reporting the maximum amount of bio-oil. Ru/C and Pt/C
gave the better-upgraded bio-oils in terms of acidity, heating
values, and nitrogen values (which were decreased to a value of
1.29%). Xu and Savage303 tested different catalysts (Pt/C, Ru/C
and Mo2C) in an H2 atmosphere for short retention times
(5 min and 400 °C) for upgrading biocrudes derived from the
HTL treatment of Nannochloropsis microalgae. These authors
also proposed reusing processed water from the HTL reactor,
thus reducing the water demand. However, the lowest nitrogen
content achieved was 2.5% and a value of 4.8% for oxygen
content. In a subsequent series of experiments, the use of Ni–
Ru/CeO2 and Ni/CeO2 was also tested for upgrading biocrudes
from Nannochloropsis microalgae,214 but in this case, the
application of more severe conditions (450 °C, 60 min) resulted
in a higher nitrogen content than that previously reported by Xu
and Savage.303

In addition to lignocellulosic and algal biomass, other
materials have been considered suitable for obtaining bio-
crudes and, therefore, studying the upgrading process. Sub-
ramaniam et al.304 tested commercial hydrotreating catalysts
(CoMo and NiMo) to upgrade biocrudes derived from food
wastes and sewage sludge. Their study is one of the few that
runs for several hours (1500 h) and reports promising results.
The authors described minimal deactivation, producing
a diesel-like oil with a high cetane number due to its high
alkane fraction.

Given the difficulties in removing nitrogen from bio-oils, it
seems a better option to treat woody biomass, such as sawdust,
pulp mill waste, or any type of fast growing tree, such as poplar
or willow, for bio-crude production rather than keep focusing
on algal biomass with high protein content. The main oxygen-
ated components of bio-oils derived from lignocellulosic
materials are alcohols, organic acids, aldehydes, ketones,
esters, and phenol derivatives,305 which may be easier to
upgrade. In addition, the low presence of nitrogen in this raw
biomass facilitates the implementation of a water recycling
approach to reduce the water footprint and recover the carbon
contained in the aqueous phase. For the same reason, many
studies assessing the technical feasibility of the process assume
the use of either lignocellulosic biomass or waste with a rela-
tively low content of proteins.
8 Techno-economic feasibility of HTL
plants

The Pacic Northwest National Laboratory (PNNL) periodically
updates the feasibility of the HTL process. The most recent
updated report considers the use of algae liquefaction, indi-
cating that in the case of farm-cultivated algae the cost of
biomass production remains too high, thereby adversely
RSC Sustainability, 2025, 3, 3228–3265 | 3255
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affecting the economic balance.306 Despite the progress in
research, the high investment cost of the technology restricts its
application only to cases where a large scale is possible, with an
input capacity of more than 100 tons per day.307 The early
technical assessment carried out by Funkenbusch et al.308

considered pulp mill waste, a high lignin biomass produced in
large quantities (treatment capacity of 400 t dry pulp per day) at
a localized point. The technical implementation of the process
is greatly facilitated by the avoidance of producing high levels of
nitrogen containing compounds. Alkaline conditions (KOH or
K2CO3 catalysts at 10% loading) and short retention times (3–11
min) were assumed with an HTL temperature of 350 °C and
a high rate of water recycling (greater than 95%). The estimated
cost of the plant was between $ 114 and $ 124 million. The plant
was assumed to produce BTEX and biofuel as valuable products,
with a yield in the latter case (aer considering upgrading and
distillation operations) of 520–600 L biofuel/t biomass. The
minimum selling price of the biofuel was estimated as $ 3.52–$
3.86/gallon ($ 0.93–$ 1.0/L−1).

A different study was published by Pedersen et al.309 also
dealing with the treatment of wood biomass, but in this case
considering the combined treatment with crude glycerol as
a scenario. The common feature is once again the avoidance of
using high nitrogen containing biomass. The plant capacity was
500 t per day with a fuel yield (gasoline equivalent) of 27.8%.
The minimum selling price, in this case, was in the range of
$0.56–$1.87 L−1 of gasoline equivalent, with the higher prices
obtained being associated with the high cost of crude glycerol.
Kilgore et al.171 assessed the impact of introducing a solvent
extraction procedure in biocrude processing (derived from
sewage sludge) and reported an increment of $0.2/GGE (gallon
gasoline equivalent) in the minimum selling price of the bio-
crude using as model the work of Snowden-Swan et al.310

regarding the updating of the MFSP (minimum fuel selling
price) derived from hydrothermal liquefaction of food waste
and sewage sludge.

The recent work of Hussain and Anastasakis290 analyzed the
integration of HTL in WWTPs for producing biocrude from
sewage sludge. For the case evaluated, corresponding to an
equivalent population plant of 100 000 inhabitants, the cost of
the HTL plant for treating the sludge produced (primary and
waste activated sludge) was V 4.2 million ($ 4.4 million). By
increasing the size of the WWTP, the selling price of biocrude
can be reduced from V 1.8 to V 0.9 kg−1, in the latter case by
considering an equivalent population of one million inhabi-
tants. However, their study does not account for biocrude
upgrading which would further increase the fuel price.

The high capital investment in technology forces its appli-
cation to centralized systems that treat a large amount of locally
produced waste, such as municipal solid waste, sewage sludge
in wastewater treatment plants (WWTP), or pulp mill wastes.
The xed capital costs range between 40 000–65 000 $ per daily
dry ton of raw material290,311 and up to 240 000 $ when also
including the full processing to obtain gasoline-type prod-
ucts.312,313 When considering complex value chains, pyrolysis,
and gasication also present high capital costs, but these
technologies have the advantage of a larger experience gained
3256 | RSC Sustainability, 2025, 3, 3228–3265
from demonstration plants and can be easily integrated with
combined heat and power (CHP) engines314–317 thus greatly
reducing costs associated with upgrading equipment.

Despite the efforts dedicated to implementing modications
in the HTL process for reducing the formation of nitrogen-
containing molecules, the approaches associated with pre-
treatment stages or sequential HTL lead to an increment in
the complexity of the plant, thus increasing capital investment
and operational costs without reporting signicant economic
benets.309 Therefore, the best option currently available to
avoid the presence of nitrogen compounds in bio-oils is the use
of rawmaterials with low nitrogen content, which has the added
advantage of allowing water recirculation and enhancing bio
crude formation.

The low level of technology development at a large scale
introduces substantial uncertainties in techno-economic and
life cycle assessment (LCA) studies. The lack of data forces
authors to disregard certain stages of the process, such as the
treatment of gases and process water, or consider similar
characteristics for pyrolysis oil and HTL biocrudes.318,319

Depending on the assumptions selected, the HTL process may
show a worse emission performance compared to pyrolysis,320

and given the high energy demand, utilizing hydrochar as fuel
in the same process may be a better solution than using it for
land application,321 thus negating one of the environmental
benets of the process.

A reduction of 89% in GHG emissions can be achieved by the
substitution of fossil fuels with HTL biofuels when considering
the transformation of forest residues.322 The study of Lozano
et al.323 reported that the potential for emission reductions may
be up to three times more benecial when comparing HTL of
sewage sludge for producing marine fuel and the pathway of
sludge incineration for obtaining phosphate-rich ashes.
However, one aspect that adversely affects any assessment is the
transport of raw materials; for this reason, the study of Karka
et al.324 assumed decentralized stages during the HTL process-
ing and central upgrading of products, thus obtaining GHG
emission-savings in the range of 35% to 90% compared to the
use of fossil diesel. Another relevant aspect is the cycle inven-
tory, with the selection of the energy mix, water consumption,
and delayed emissions having a signicant impact on the esti-
mated emissions.325

9 Conclusions

The HTL process has a great capacity to treat different types of
biomass on a large scale. However, this advantage also limits its
applicability due to the requirement to treat more than 100 tons
of dried biomass per day to attain economic feasibility.
Considering these high volumes of input materials, the tech-
nology applicationmust be closely related to a mixture of wastes
and raw materials capable of achieving high production rates in
a localized zone. Despite all the extensive research, the tech-
nology is not close to commercialization and there are only
a few demonstration plants worldwide. The complexity of the
process and the high installation and operating costs are
signicant barriers unless the process can be successfully
© 2025 The Author(s). Published by the Royal Society of Chemistry
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integrated into a conventional renery to take advantage of
shared processing units. Energy crops and wastes from a variety
of sources appear to be the most logical combination of feed-
stocks to obtain biocrudes at a reasonable cost.
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M. Zhou, A. Trubetskaya, F. Aubriet, J. Hedlund,
T. Gustafsson, U. Rova, P. Christakopoulos and
L. Matsakas, Sustain. Energy Fuels, 2023, 7, 5361–5373,
DOI: 10.1039/D3SE00976A.

34 M. Usman, S. Cheng, S. Boonyubol and J. S. Cross, Energy
Convers. Manage., 2024, 302, 118093, DOI: 10.1016/
j.enconman.2024.118093.

35 K. S. Ocfemia, Y. Zhang and T. Funk, Trans. ASABE, 2006,
49, 533–541.

36 S. Xiu and A. Shahbazi, Renew. Sustain. Energy Rev., 2012,
16, 4406–4414, DOI: 10.1016/j.rser.2012.04.028.

37 C. Jensen, J. Guerrero, S. Karatzos, G. Olofsson and
S. Iversen, Hydrofaction™ of forestry residues to drop-in
renewable transportation fuels, in Direct Thermochemical
Liquefaction for Energy Applications, 2017, pp. 319–345,
DOI: 10.1016/B978-0-08-101029-7.00009-6.

38 M. Gholizadeh, C. Castro, S. M. Fabrega and F. Clarens,
Sustain. Energy Fuels, 2023, 7, 4758–4804, DOI: 10.1039/
D3SE00496A.

39 R. P. Nielsen, G. Olofsson and E. G. Søgaard, Biomass
Bioenergy, 2012, 39, 399–402, DOI: 10.1016/
j.biombioe.2012.01.035.

40 Altaca Energy, https://altacaenergy.com/catliq/catliq-
technology/, 2024.

41 Licella, Cat-HTR, https://www.licella.com/technology/cat-
htr/, 2024.

42 Muradel Pty Ltd, Project report, Advancing Established and
Integrated Marine Microalgae Biofuel to
Commercialisation, https://arena.gov.au/assets/2015/12/
Muradel-nal-report.pdf, 2024.

43 S. Chinnasamy, S. Bhaskar, J. Mr Nallasivam,
S. K. D. R. Ratha, D. M. D. R. Lewis, M. M. R. Jureidini,
A. Dr Meenakshisundaram, M. Mrs Lavanya,
V. Dr Selvavathi, Method of processing algae,
carbonaceous feedstocks, and their mixtures to biocrude
and its conversion into biofuel products. Application PCT/
IN2015/000262, 2015 https://patents.google.com/patent/
WO2015198347A1/en.

44 Genifuel, https://www.genifuel.com/index.html, 2024.
45 D. Castello, T. H. Pedersen and L. A. Rosendahl, Energies,

2018, 11, 3165, DOI: 10.3390/en11113165.
46 I. A. Basar, H. Liu, H. Carrere, E. Trably and C. Eskicioglu,

Green Chem., 2021, 23, 1404–1446, DOI: 10.1039/
D0GC04092D.

47 M. Karimi, H. Simsek and K. Kheiralipour, Energy Convers.
Manage.:X, 2024, 100863, DOI: 10.1016/j.ecmx.2024.100863.

48 S. C. Bassoli, Y. A. Da Fonseca, H. J. L. Wandurraga,
B. E. L. Baeta and M. de Souza Amaral, Biomass Convers.
3258 | RSC Sustainability, 2025, 3, 3228–3265
Bioren., 2024, 14, 28781–28796, DOI: 10.1007/s13399-023-
03905-7.

49 J. Watson, T. Wang, B. Si, W. Chen, A. Aierzhati and
Y. Zhang, Prog. Energy Combust. Sci., 2020, 77, 100819,
DOI: 10.1016/j.pecs.2019.100819.

50 V. Chaudhary, S. Awadakkam, V. B. Borugadda and
A. K. Dalai, Sustain. Energy Fuels, 2024, 8, 5305–5328, DOI:
10.1039/D4SE00527A.

51 M. El Bast, N. Allam, Y. Abou Msallem, S. Awad and
K. Loubar, J. Energy Inst., 2023, 108, 101260, DOI: 10.1016/
j.joei.2023.101260.

52 Q. Fan, P. Fu, C. Song and Y. Fan, Ind. Crops Prod., 2023,
191, 116017, DOI: 10.1016/j.indcrop.2022.116017.

53 R. F. Beims, Y. Hu, H. Shui and C. C. Xu, Biomass Bioenergy,
2020, 135, 105510, DOI: 10.1016/j.biombioe.2020.105510.

54 C. Deepika, Mrinal, C. B. Pohrmen, K. S. Jaiswal,
B. Sangmesh, K. K. Jaiswal, A. P. Ramasamy and
A. K. Jaiswal, Discov. Appl. Sci., 2024, 6, 245, DOI: 10.1007/
s42452-024-05911-4.

55 R. Ghadge, N. Nagwani, N. Saxena, S. Dasgupta and
A. Sapre, Energy Convers. Manage.:X, 2022, 14, 100223,
DOI: 10.1016/j.ecmx.2022.100223.

56 A. Lee, D. Lewis, T. Kalaitzidis and P. Ashman, Curr. Opin.
Biotechnol., 2016, 38, 85–89, DOI: 10.1016/
j.copbio.2016.01.004.

57 K. Tran, Bioresour. Technol., 2016, 213, 327–332, DOI:
10.1016/j.biortech.2016.04.002.

58 M. A. Fayshal, F. T. Dhara, H. Adnan and M. M. Hasan,
Water Air Soil Pollut., 2024, 235, 668, DOI: 10.1007/s11270-
024-07460-3.

59 M. Elhassan, R. Abdullah, M. R. R. Kooh and Y. Chou Chau,
Bioresour. Technol. Rep., 2023, 21, 101314, DOI: 10.1016/
j.biteb.2022.101314.

60 B. B. Marangon, J. de Siqueira Castro and M. L. Calijuri, J.
Environ. Manage., 2024, 354, 120418, DOI: 10.1016/
j.jenvman.2024.120418.

61 H. Shahbeik, H. Kazemi Shariat Panahi, M. Dehhaghi,
G. J. Guillemin, A. Fallahi, H. Hosseinzadeh-Bandbaa,
H. Amiri, M. Rehan, D. Raikwar, H. Latine, B. Pandalone,
B. Khoshnevisan, C. Sonne, L. Vaccaro, A. Nizami,
V. K. Gupta, S. S. Lam, J. Pan, R. Luque, B. Sels, W. Peng,
M. Tabatabaei and M. Aghbashlo, Renew. Sustain. Energy
Rev., 2024, 189, 113976, DOI: 10.1016/j.rser.2023.113976.

62 J. Sun, J. Yang and M. Shi, Trans. Tianjin Univ., 2017, 23,
301–314, DOI: 10.1007/s12209-017-0051-4.

63 Z. Borazjani, F. Bayat Mastalinezhad, R. Azin and S. Osfouri,
Bioenergy Res., 2023, 16, 1493–1511, DOI: 10.1007/s12155-
023-10615-5.
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172 M. Wądrzyk, R. Janus, M. P. Vos and D. W. F. Brilman, J.
Anal. Appl. Pyrolysis, 2018, 134, 415–426, DOI: 10.1016/
j.jaap.2018.07.008.

173 Y. Qu, X. Wei and C. Zhong, Energy, 2003, 28, 597–606, DOI:
10.1016/S0360-5442(02)00178-0.

174 B. Zhang, J. Chen, Z. He, H. Chen and S. Kandasamy,
Renewable Energy, 2019, 143, 512–519, DOI: 10.1016/
j.renene.2019.05.003.

175 P. Duan, S. Yang, Y. Xu, F. Wang, D. Zhao, Y. Weng and
X. Shi, Energy, 2018, 155, 734–745, DOI: 10.1016/
j.energy.2018.05.044.

176 Z. Huang, A. Wufuer, Y. Wang and L. Dai, Process Biochem.,
2018, 69, 136–143, DOI: 10.1016/j.procbio.2018.03.018.

177 H. Guan, W. Ding, S. Liu, B. Zhao, H. Zhang, C. Zhong,
B. Chen, A. Song, D. Zhu, H. Li and X. Feng, Int. J.
Hydrogen Energy, 2023, 48, 11205–11213, DOI: 10.1016/
j.ijhydene.2022.05.099.

178 X. Zhuang, H. Zhan, Y. Song, Y. Huang, X. Yin and C. Wu, J.
Energy Inst., 2019, 92, 1537–1547, DOI: 10.1016/
j.joei.2018.07.020.

179 T. K. Vo, O. K. Lee, E. Y. Lee, C. H. Kim, J. Seo, J. Kim and
S. Kim, Chem. Eng. J., 2016, 306, 763–771, DOI: 10.1016/
j.cej.2016.07.104.

180 A. Kruse and E. Dinjus, J. Supercrit. Fluids, 2007, 39, 362–
380, DOI: 10.1016/j.supu.2006.03.016.

181 W. Yang, X. Li, S. Liu and L. Feng, Energy Convers. Manage.,
2014, 87, 938–945, DOI: 10.1016/j.enconman.2014.08.004.

182 E. A. Ramos-Tercero, A. Bertucco and D. W. F. Brilman,
Energy Fuels, 2015, 29, 2422–2430, DOI: 10.1021/ef502773w.

183 Z. Zhu, L. Rosendahl, S. S. Toor, D. Yu and G. Chen, Appl.
Energy, 2015, 137, 183–192, DOI: 10.1016/
j.apenergy.2014.10.005.

184 S. Awadakkam, V. Chaudhary, R. Kalagnanam,
V. B. Borugadda and A. K. Dalai, Sustain. Energy Fuels,
2025, 9, 1717–1728, DOI: 10.1039/D4SE01347F.

185 C. U. Jensen, L. A. Rosendahl and G. Olofsson, Fuel Process.
Technol., 2017, 159, 376–385, DOI: 10.1016/
j.fuproc.2016.12.022.

186 A. A. Shah, S. S. Toor, T. H. Seehar, R. S. Nielsen,
T. H. Pedersen and L. A. Rosendahl, Energies, 2020, 13,
493, DOI: 10.3390/en13020493.

187 J. Mahima, R. K. Sundaresh, K. P. Gopinath, P. S. S. Rajan,
J. Arun, S. Kim and A. Pugazhendhi, Sci. Total Environ.,
2021, 778, 146262, DOI: 10.1q016/j.scitotenv.2021.146262.

188 K. Anastasakis and A. Ross, Fuel, 2014, 139, 546–553, DOI:
10.1016/j.fuel.2014.09.006.

189 I. M. Sintamarean, I. F. Grigoras, C. U. Jensen, S. S. Toor,
T. H. Pedersen and L. A. Rosendahl, Biomass Convers.
RSC Sustainability, 2025, 3, 3228–3265 | 3261

https://doi.org/10.1016/j.energy.2020.117550
https://doi.org/10.1016/j.energy.2020.117550
https://doi.org/10.1021/ef201415s
https://doi.org/10.1016/j.biortech.2011.11.011
https://doi.org/10.1016/j.biortech.2011.11.011
https://doi.org/10.1016/j.algal.2013.04.006
https://doi.org/10.1016/j.algal.2013.04.006
https://doi.org/10.1016/j.fuel.2015.06.077
https://doi.org/10.1016/j.fuproc.2017.05.006
https://doi.org/10.1016/j.fuproc.2017.05.006
https://doi.org/10.1016/j.biortech.2012.01.008
https://doi.org/10.1021/acs.energyfuels.5b02099
https://doi.org/10.1021/acs.energyfuels.5b02099
https://doi.org/10.1016/j.apenergy.2017.08.105
https://doi.org/10.1007/s13762-019-02364-w
https://doi.org/10.1007/s13762-019-02364-w
https://doi.org/10.2175/106143017X15131012152861
https://doi.org/10.1016/j.ecmx.2021.100076
https://doi.org/10.1016/j.jaap.2022.105514
https://doi.org/10.1039/D3SU00458A
https://doi.org/10.1039/D3SU00458A
https://doi.org/10.1021/ef100203u
https://doi.org/10.1021/ef201417e
https://doi.org/10.1039/C3RA46607H
https://doi.org/10.1016/j.biombioe.2018.11.021
https://doi.org/10.1016/j.rser.2015.10.017
https://doi.org/10.1016/j.energy.2018.11.003
https://doi.org/10.1016/j.energy.2018.11.003
https://doi.org/10.1016/j.enconman.2022.115719
https://doi.org/10.1016/j.enconman.2022.115719
https://doi.org/10.1039/D4SE00516C
https://doi.org/10.1016/j.jaap.2018.07.008
https://doi.org/10.1016/j.jaap.2018.07.008
https://doi.org/10.1016/S0360-5442(02)00178-0
https://doi.org/10.1016/j.renene.2019.05.003
https://doi.org/10.1016/j.renene.2019.05.003
https://doi.org/10.1016/j.energy.2018.05.044
https://doi.org/10.1016/j.energy.2018.05.044
https://doi.org/10.1016/j.procbio.2018.03.018
https://doi.org/10.1016/j.ijhydene.2022.05.099
https://doi.org/10.1016/j.ijhydene.2022.05.099
https://doi.org/10.1016/j.joei.2018.07.020
https://doi.org/10.1016/j.joei.2018.07.020
https://doi.org/10.1016/j.cej.2016.07.104
https://doi.org/10.1016/j.cej.2016.07.104
https://doi.org/10.1016/j.supflu.2006.03.016
https://doi.org/10.1016/j.enconman.2014.08.004
https://doi.org/10.1021/ef502773w
https://doi.org/10.1016/j.apenergy.2014.10.005
https://doi.org/10.1016/j.apenergy.2014.10.005
https://doi.org/10.1039/D4SE01347F
https://doi.org/10.1016/j.fuproc.2016.12.022
https://doi.org/10.1016/j.fuproc.2016.12.022
https://doi.org/10.3390/en13020493
https://doi.org/10.1q016/j.scitotenv.2021.146262
https://doi.org/10.1016/j.fuel.2014.09.006
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00148j


RSC Sustainability Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
iu

ni
e 

20
25

. D
ow

nl
oa

de
d 

on
 0

7.
01

.2
02

6 
17

:5
7:

02
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Bioren., 2017, 7, 425–435, DOI: 10.1007/s13399-017-0247-
9.
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