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Abstract

The ReFuelEU Aviation Regulation introduces mandatory targets for sustainable aviation
fuels (SAF) from 2025 to 2050. However, hydrotreated esters and fatty acids (HEFA) tech-
nology based on waste oils alone is insufficient to meet targets beyond 2030, highlighting
the need for alternative biocrude feedstocks to increase SAF production in the EU. Microal-
gae are promising feedstocks due to their biochemical composition and CO,-utilization
potential, although their high moisture content and nitrogen and oxygen levels require
energy-efficient conversion technologies. Hydrothermal liquefaction (HTL) is a suitable
process for converting wet microalgal biomass into biocrude, with an optimal temper-
ature window of approximately 300-330 °C and typical biocrude yields ranging from
20 to 70 wt%, depending on feedstock composition and operating conditions. However,
microalgal HTL remains at TRL 5-7 and faces challenges related to the high heteroatom
content of the resulting biocrude. Hydrodeoxygenation (HDO) is a key upgrading step
for converting biocrude into drop-in aviation fuels and commonly operates at approxi-
mately 250-400 °C and 10-30 MPa H; pressure. Nevertheless, few studies have addressed
the HDO of microalgae-derived biocrude. This review examines microalgal HTL, pilot
and demonstration facilities, biocrude yields and quality, and upgrading strategies for
producing synthetic drop-in aviation biofuels.

Keywords: sustainable aviation fuels; hydrothermal liquefaction; biocrude; microalgae;
hydrotreatment

1. Introduction

Reducing GHG emissions in the hard-to-electrify transportation sector, such as avia-
tion, can be achieved without significant changes to existing infrastructure by increasing
the use of renewable resources in current liquid fuel production. In this context, sustainable
aviation fuels (SAF) have gained relevance, as aviation remains one of the most challeng-
ing sectors to decarbonize. Consequently, the increased use of sustainable biofuels has
the potential to help address the environmental and sustainability problems associated
with the current use of petroleum-based fuels. Among the most promising biofuels are
second-generation biofuels, produced from lignocellulosic biomass, woody crops, agricul-
tural residues, and waste, and third-generation biofuels, produced from non-terrestrial
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organisms such as algae and yeast [1]. These new-generation biofuels do not have the
disadvantages associated with first-generation biofuels and are therefore the most suitable
for future applications like liquid fuels for transportation. Seaweed is one of the most
promising third-generation feedstocks. The term “algae” describes a diverse group of
aquatic photosynthetic organisms that include more than 72,500 species. The largest mul-
ticellular organisms are called macroalgae and comprise about 20% of all algal species.
The remaining 80% are known as microalgae, or unicellular algae species [2]. Recently,
interest in algal biomass production has grown in Europe. According to the EU Science
Hub, various macro- and micro-algae are currently produced in more than 144 facilities
located in 15 EU Member States. Aratjo et al. (2021) identified 447 microalgae production
facilities distributed across 23 countries [3].

Several factors are responsible for the growing interest in microalgae as a feedstock
for next-generation fuels. First and foremost, they stand out for their good photosynthetic
efficiency, high growth rate and specific yield per unit area, greater capacity for using and
capturing CO, compared to terrestrial plants, as well as the viability of cultivating them on
marginal lands [4]. These characteristics position microalgae as one of the most promising
feedstocks for the sustainable production of advanced biofuels.

Recently, particular attention has also been given to thermochemical processes that
convert algae into biofuels due to their ability to utilize all available biomass. Compared
to biochemical processes, for example, thermochemical processes avoid the fractionation
of the raw material, use less pure and more diverse raw materials, and are generally
faster, easier to operate, and, in some cases, more profitable [5]. Among thermochemical
conversion processes, hydrothermal liquefaction has emerged as a particularly suitable
technology to produce biocrude from wet microalgal biomass [6,7].

Biocrude is defined as a complex mixture of valuable chemical compounds and is one
of the most promising products obtained from algal biomass. As an energy carrier, this
biocrude can be used directly as fuel in less demanding applications, or its capabilities
can be enhanced for more advanced technological uses [8]. The properties of biocrude
obtained from HTL are strongly linked to the converted species of microalgae and the
process conditions, which include temperature and heating rate, residence time, biomass
percentage, use of catalysts, and the procedures required to recover the resulting products.
Therefore, these operational parameters must be carefully studied.

Typically, biocrude obtained from microalgae HTL has high nitrogen (5-8%) and
oxygen (10-15%) contents compared to crude oil [9]. This chemical profile results in
biocrude having generally unfavorable fuel properties, including high acidity, moisture,
and corrosivity, poor combustion performance, and a low H/C ratio, which hinders their
direct application as liquid transportation fuels, including diesel oil and SAFE.

Therefore, upgrading biocrude is a necessary step to address these limitations and
improve its stability and fuel properties. The most commonly used upgrading techniques
include phase separation (to reduce water content), hydrotreating (to reduce viscosity, nitro-
gen, and sulphur content), hydrodeoxygenation (to reduce oxygen content), esterification
(to reduce acid value), hydro- and catalytic cracking (to improve the H/C ratio and cetane
number), and emulsification (to prevent phase separation) [10].

The present review focuses on hydrothermal liquefaction of microalgae, the influence
of process parameters on biocrude yield and quality, and the most suitable upgrading
strategies to produce drop-in biofuels.

2. Hydrothermal Liquefaction of Microalgae

HTL is an emerging technology for biomass liquefaction that uses hot water com-
pressed to high temperatures and pressures, typically between 250-380 °C and 50-200 bar,
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respectively [11]. This hydrothermal processing involves a series of complex, multi-step
chemical reactions driven by the combined action of thermal energy, high pressure, and hy-
drolytic attack on the most susceptible bonds of the biomolecules that make up the biomass.
HTL converts between approximately 20 to 70% of the biomass into crude biocrude, with
the remainder being transformed into biochar, biogas, and an aqueous liquid fraction [6].

HTL also offers a pathway for more energy-efficient aquatic biomass conversion. The
process is inherently tolerant to the high moisture content of feedstocks such as microalgae,
resulting in energy savings by eliminating the need for drying and dehydration steps.
This advantage is responsible for the recent popularity of this technology and arises from
the thermodynamic properties of water [7,8]. For example, the enthalpy required to dry
biomass is generally much greater than the enthalpy required to heat saturated liquid water
to the operating temperature of HTL. Furthermore, the heat produced by the process can be
recovered using thermal integration concepts, while the energy expended in drying (below
100 °C) is essentially waste heat [12].

The main advantages and disadvantages of HTL can be summarized in Table 1.

Table 1. Advantages and Disadvantages of HTL technology.

Technology Advantages Disadvantages
- converts biomass with high - requires high-pressure
moisture content equipment
- minimizes the occurrence of -  high investment costs
unwanted side reactions - lower quality of the
Hydrothermal -  operates at lower resulting biocrude
Liquefaction temperatures than fast - low higher heating value
pyrolysis, resulting in higher (HHV)
energy efficiency - high viscosity and density
- produces, among other - high N and O content
products, an aqueous phase - high thermal instability

Generally, the process can be divided into three main steps: depolymerization and
hydrolysis, leading to the formation of unstable intermediate compounds, decomposition into
simpler compounds, and recombination reactions that produce new organic compounds [2,13].
However, this simplified approach only describes the most general HTL mechanism and does
not capture the complexity of the critical reaction pathways occurring within each reactor. The
chemistry of the microalgae liquefaction process is not fully understood due to the complex
interactions among the various biomolecules that make up the biomass, such as proteins,
carbohydrates, lipids, lignin, pigments (e.g., chlorophyll), and other minor components.

According to Figure 1, carbohydrates are first hydrolyzed into monosaccharides
such as mannose or glucose. Subsequently, these simple sugars can be converted into
furans or furan derivatives (via dehydration), which can further react (via cyclization) to
form aromatic hydrocarbons (e.g., phenols and xylenes), cyclopentanones, or furanone
derivatives. It was reported that there was a significant relative abundance of phenolic
and furan derivatives (e.g., furfural), accounting for approximately 8.34% of the biocrude,
obtained from the HTL of Nostoc ellipsosporum cultivated in domestic wastewater [14].

In biocrude produced through non-catalytic HTL from Spirulina sp. biomass, Wang et al.
reported that amides formed by the reaction of carboxylic acids and nitriles, obtained from
the dehydration of amides, reached relative abundances of 38.5% and 12.5%, respectively.
In addition to acylation reactions with amines or amides, fatty acids resulting from lipid
hydrolysis are primarily decarboxylated, yielding aliphatic compounds (alkanes and alkenes)
or other high-molecular-weight molecules [15,16]. SundarRajan et al. identified fatty acid
amides in biocrude produced from the HTL of several microalgae, including Cyanobacteria sp.
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and Bacillariophyta sp. N-alkanes (C12—C14) and high-molecular-weight compounds (C2—Csp)
in biocrude obtained from the HTL of biomass of Scenedesmus abundans was also detected [17].

Hydrolysis o
_ Fatty acids oo, Cyclization
:
Des.carboxylauon Amines and Alcohols
Hydrolysis -
_ — — [oycticamides | — [Bioorude |
N . Furfural derivatives I_.ICyclicoxygenates |—
Dehydratation |
Polymerization Decomposition
. Ash
High Temperatures (250-400°C)

Figure 1. General reaction pathways of different biomolecules during HTL of microalgae [7].

Finally, photosynthetic pigments such as chlorophylls, carotenoids, and phycobilipro-
teins are also decomposed under hydrothermal conditions. Accordingly, typical chlorophyll
degradation products such as some phytol isomers (e.g., 3,7,11,15-tetramethyl-2-hexadecene)
have been detected in various biocrudes obtained from microalgae [18]. The interaction
between the different biomolecules that make up microalgae and the HTL operating pa-
rameters determines not only the reactions that occur in the reactor, but also the process
performance in terms of product yield. Hydrophobic and non-polar products with high
molecular weights form the biocrude fraction; smaller polar organic compounds dissolve in
the aqueous phase, and non-condensable volatile gases accumulate in the gas phase [2,12].

Biocrude is the main product of interest, but, as previously stated, it presents several
limitations when it comes to being used directly as a substitute for crude oil. In this context,
there is substantial interest in understanding how the parameters associated with HTL
influence the various reactions that occur between the biomolecules that make up the
microalgal biomass and, consequently, the overall performance of the process.

2.1. HTL Process Conditions: Effects on Biocrude Quality and Yield

The operational parameters of the HTL process strongly influence both product distri-
bution and biocrude composition. This section reviews the individual and combined effects
of key HTL parameters on biocrude yield and quality. By compiling recent experimental
data, this review aims to identify operating conditions that enhance biocrude production
while improving the properties of the resulting biocrude. Table 2 summarizes recent HTL
studies, highlighting the main process parameters and outcomes reported for different
microalgae over the last five years.

Table 2. Effect of HTL operating conditions on biocrude yield using different microalgae species.

Microalgae Reactor T/°C t/min Blon;,atss o Catalyst B1ocru;;/1e Yield References
()
Temperature
Nannochloropsis 18 } 39.1/43.6/45.4/ [16]
sp. Batch 260, 280, 54.1/41.7
ooy 300, 320, 30 2.1/6.0/
Sargassum sp. 340 18 - 6.9/84/ [16]
9.5
o Semi-
Spirulina sp. Contintous 1 L 350 30 10 - - [19]
Spirulina sp. Batch3 L 450 30 - - - [20]
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Table 2. Cont.
Microalgae Reactor T/°C t/min Blor&iss o Catalyst Blocru(;le Yield References
Residence time
Nannochloropsis

oculata

Chlorella Batch 30, 45, -

vulgaris 600 mL 250, 275, 300 60 47.9/51.7/49.9 [21]
Arthrospira

platensis

% biomass
Chlorella Batch
vulgaris 600 mL 350 ) 10 ) 18.3 [22]
Catalyst homogeneous
Spirulina Batch
platensis 316 ml 250-450 - 10-11 CeO, 26 [23]
Catalyst heterogeneous
Control/
N‘S{ng&“ 55.2/59.9/
Spirulina sp. Batch 1L 270 30 10 . 59.1/55.0/ [15]
NiO/ZSM-5 55.0,/56.0
NiO/Y-Al,O3 ' '
NiO/SiO,

2.1.1. Effect of Microalgae Type and Composition

The characteristics of biocrude are primarily influenced by the properties of the feed-
stock, since HTL products derive directly from the conversion of the biomolecules that
make up microalgal biomass. Adapting the biochemical composition of the microalgae
used is, therefore, a key strategy for the optimization of the biofuel production process
using this technology [6].

However, such synergies are only achievable through an understanding of the rela-
tionships between the biochemical composition of the microalgae and the characteristics of
the HTL products.

Different biochemical compositions can create a trade-off between optimizing the
yield and quality of biocrude [14,16]. For example, lipids present in microalgae hydrolyze
easily in subcritical water, while peptide bonds require higher temperatures to be broken.
The presence of proteins contributes significantly to biocrude yield per unit mass but also
represents an important source of nitrogenous compounds that negatively affect the quality
of the final product [24].

Nevertheless, microalgae with a higher lipid fraction tends to lead to better yields
and higher quality biocrudes. On the other hand, microalgae with lower lipid content,
such as species Chlorella sp., Scenedesmus sp., and Spirulina sp., can also be converted into
good quality biocrude. He et al. (2020) demonstrated that the hydrothermal conversion
of Nannochloropsis sp. resulted in higher biocrude yields (39% wt at 260 °C) than that of
Sargassum sp. (3% wt at 260 °C), with the higher heating value of both biocrudes being
35 and 37 MJ /kg, respectively [16,25].

Regarding the use of lipid-rich/poor microalgae for hydrothermal conversion, some
microalgae are particularly noteworthy. Scenedesmus sp., for example, is one of the most
promising genera for large-scale HTL processes due to several specific advantages, notably
its robustness in open-air reactors and its ability to treat effluents from various sources [26].
Despite having low lipid content, it has high biomass productivity, thus contributing to the
economic viability of large-scale biocrude production. The advantages of its use include:
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(i) high productivity compared to other types of microalgae; (ii) the ability to grow in
low-nutrient media, such as wastewater, due to tolerance in the use of nitrogen sources
(nitrates, ammonia, urea); (iii) greater temperature tolerance (up to <40 °C, still) and a
broader pH range (5-10); (iv) the possibility of outdoor cultivation in open systems or
closed photobioreactors; and (v) ease of large-scale production.

2.1.2. Temperature

The role of temperature in HTL is related to the physical properties of subcritical water
and how changes in these properties influence the reactions that may occur during the
process. Generally, this reaction parameter is considered the most important operating
parameter in the HTL process, as biocrude yields typically increase with temperature up to
the critical point of water, beyond which yields decrease [21]. Furthermore, the increased
formation of chars at high temperatures is also a well-known effect due to the predominance
of free radical repolymerization reactions under these conditions. Therefore, to produce
significant quantities of biocrude, intermediate temperatures around 300-330 °C appear to
be more favorable, as demonstrated in several experimental studies. The study conducted
by He et al., for example, reinforces this observation through the hydrothermal conversion
of microalgae of the genus Nannochloropsis sp. and Spirulina sp., whose results indicated
an increase in yield from 39% wt to 54% wt when the reaction temperature increased from
260 °C to 320 °C [16,25].

Biocrude properties are also strongly temperature dependent. Increasing temperature
has been associated with a decrease in the oxygen content of biocrude. In this regard,
Wadrzyk et al. verified that the HTL of biomass from Scenedesmus sp. at temperatures
near the critical point of water resulted in a decrease from 21% wt to 13% wt in the oxygen
content of the final biocrude. However, the nitrogen content increased in parallel due to
greater protein degradation at high temperatures [26]. Indeed, the increase in temperature
favors the formation and transfer of cyclic oxygenated and nitrogenated compounds due
to recombination reactions and repolymerization of intermediate compounds. Once again,
Wadrzyk et al. confirmed this trend by observing that the nitrogen content of biocrude
increases slightly with HTL temperature, specifically from 4.5% wt at 250 °C to 5.5% wt at
350 °C. Another interesting point to highlight is the fact that more moderate temperatures
favor biocrude yield and quality in lipid-rich microalgae, while higher temperatures are
required for protein-rich microalgae. This means that there is less variation in biocrude
yields between lipid-rich and lipid-poor microalgae species at higher temperatures [26].
Cheng et al. found that the variation in biocrude yield in the HTL of microalgae such as
Galdieria sulphuraria and Nannochloropsis salina at 310 °C (23-59% wt) was considerably
greater than at 350 °C (31-44% wt) [27].

Therefore, the selection of the most appropriate temperature range depends specifically
on the balance between the hydrolysis and rearranging reactions that occur in the oil
fraction, which are ultimately determined by the biochemical composition of the microalgae
used in the process.

2.1.3. Residence Time

Process residence time can be defined as the period during which the HTL temper-
ature is maintained in the reactor, excluding heating and cooling times. The effects of
this parameter are closely linked to temperature, and in general, it can be considered
that high temperatures require shorter residence times to achieve significant biocrude
yields [21,25].

Currently, most experimental studies on HTL are conducted in batch systems. How-
ever, in large-scale continuous operation, experimental results may vary considerably
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between experiments, and thus additional research is still needed, particularly to pro-
vide information related to the process kinetics under varying conditions. In this regard,
Guo et al. showed that continuous HTL of Chiorella vulgaris and Nannochloropsis gaditana
resulted in lower biocrude yields than batch hydrothermal conversion under comparable
residence times [28].

2.1.4. Heating Rate

More recent studies have focused on the effects of heating rate and final temperature
on HTL product yields through experiments with rapid heating, short times, and primarily
non-isothermal operating modes [29]. These “fast-HTL"” studies have generally reported
higher biocrude yields, which may indicate a positive effect of heating rates on the forma-
tion of components in the oil fraction. Guo et al. tested different heating rates (18.5 and
37.8 °C/min) in the hydrothermal conversion of Auxenochlorella protothecoides biomass
and confirmed the trend toward higher nitrogen and sulfur contents in the final biocrude,
compared to repeating the process under the same conditions using slower heating rates.
Furthermore, these researchers also concluded that faster heating rates reduce the influence
of residence time and result in higher biocrude yields [28].

Other researchers have also suggested that biocrude yields can be increased by improv-
ing the thermal characteristics of the reaction systems [30]. However, even if rapid heating
rates result in higher biocrude yields, there is a practical limitation related to the thickness
of the stainless-steel walls of traditional HTL reactors, which significantly limit heat transfer,
thus reducing potential benefits associated with fast HTL processing. Additionally, very
high heating rates can also negatively affect reactor lifetime.

2.1.5. Biomass Concentration

The biomass percentage corresponds to the concentration of microalgae introduced
into the reactor and plays a crucial role in HTL. Research on this topic has shown that
a biomass percentage between 4% and 20% wt is suitable for the hydrothermal process,
but optimizing the biomass concentration is difficult due to differences in the microalgal
biomass used and process conditions between studies [21,28]. Hietala et al. showed that
at temperatures between 300 °C and 350 °C, the biocrude yield of the tested microalgae
species increased significantly, from 3.4% wt to 5.6% wt, respectively, with an increase in
the initial biomass percentage from 3.0% wt to 12% wt. This effect can be explained by
considering that higher concentrations increase the probability of reactions between degra-
dation products, which also explains the combined effect of higher biomass percentages
and temperatures [31].

In general, the conversion of higher biomass percentages favors the production of
more complex compounds and, therefore, this parameter can be used to adjust the product
distribution and quality of the biocrude resulting from the HTL process.

2.1.6. Use of Catalysts

The HTL process can also be assisted by catalysts. Catalytic HTL has gained con-
siderable attention in the conversion of microalgal biomass facilitating the removal of
oxygen from biocrude in the form of CO and CO, through decarboxylation and decar-
bonylation reactions during the cracking of hydrocarbons produced under mild process
conditions [32].

Since HTL occurs in an aqueous phase, it is possible to use homogeneous,
water-soluble catalysts, usually in the form of alkaline salts such as Nay;CO3 or KOH, or
acidic reagents such as HCI, H,SOj, as well as organic acids [23]. The addition of alkaline
salts to the process leads to an improvement in HTL biocrude yield and a reduction in
the formation of solid residues by increasing the pH of the medium and promoting decar-
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boxylation reactions. Furthermore, these catalysts can also enhance the water-gas-shift
reaction, favoring the formation of hydrogen and carbon dioxide. Hydrogen typically
acts as a reducing agent in hydrodeoxygenation process, leading to an increase in the
higher heating value (HHV) of the final biocrude [33]. Although hydrogen commonly
acts as a reducing agent in hydrodeoxygenation (HDO), its role in catalytic hydrothermal
liquefaction (HTL) should be clearly distinguished from that in a subsequent upgrading
step. During HTL, in situ hydrogenation or hydrogen-transfer reactions may occur
through hydrogen originating from water, biomass-derived intermediates, or other
hydrogen-donor species, and are part of the complex reaction network responsible for
biomass conversion into biocrude. In contrast, HDO is a separate post-HTL upgrading
process that generally uses externally supplied molecular hydrogen (H;) to remove
oxygen from the biocrude. Therefore, in situ hydrogenation during catalytic HTL and
hydrogen-assisted deoxygenation during subsequent HDO should be treated as distinct
processes to avoid conceptual ambiguity.

Sodium carbonate is the most widely used homogeneous catalyst in the hydrother-
mal conversion of microalgae [34,35]. Other homogeneous catalysts, such as formic acid
or acetic acid, have also been tested, but, generally, studies indicate that the resulting
biocrude have lower quality, particularly due to higher oxygen content. Overall, despite
a significant influence on biocrude yield, homogeneous catalysts do not substantially
improve the deoxygenation and denitrification of biocrude obtained from microalgae.
Furthermore, Galadima et al. also concluded that homogeneous catalysts do not easily
produce hydrocarbons suitable to produce fuels equivalent to gasoline, diesel, and jet
fuel. Researchers have also reported some difficulties in the final separation of process
products and the catalyst, which can result in higher production costs and environmen-
tal issues [36,37]. These catalysts can promote the water—gas shift (WGS) reaction, in
which CO reacts with water to form CO; and Hj, thereby increasing the availability of
hydrogen under hydrothermal conditions. The resulting in situ hydrogen can partici-
pate in hydrogen-transfer and hydrogenation reactions, contributing to the saturation
of unsaturated compounds and potentially improving biocrude quality by increasing
its H/C ratio and reducing the degree of unsaturation. However, the extent of these
effects depends strongly on the feedstock and reaction conditions, since alkaline catalysts
also modify biomass degradation pathways and the distribution of carbon among the
biocrude, aqueous, gas, and solid products. Therefore, the catalytic role of K,CO3 and
NayCOj3 should be discussed not only in terms of their effect on biocrude yield but also
in relation to WGS-mediated hydrogen generation and the subsequent impact of in situ
hydrogen transfer on biocrude composition and quality [38,39].

Heterogeneous catalysts, in turn, are solid materials that can be easily recovered after
the reaction, thus reducing operating costs. The most common heterogeneous catalysts
include zeolites (H-ZSM5), metal catalysts supported on various substrates (Pt/C), or other
metal oxides (CoMo/Al,O3 and Ni/TiO,). These materials exhibit strong bond-breaking
activity, resulting in the degradation of macromolecules and the conversion of oxygenated
and nitrogenous compounds into higher-grade hydrocarbons. The resulting biocrude will
therefore have lower viscosity, higher calorific value, and lower nitrogen content [35,36].
The deposition of coke on the metal surface has also been widely observed and can also
reduce the performance of these materials as catalysts. Therefore, the development of
catalysts with greater stability is one of the most pressing lines of research in the field of
HTL of microalgae [9].
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2.2. Effect of the Pre-Treatment of Microalgal Biomass

Microalgae pretreatment has the advantage of reducing the content of solids and
inorganic compounds, allowing the additional release of valuable compounds from biomass
such as polysaccharides and lipids [7]. The presence of significant amounts of nitrogen in
biomass can also be minimized through various techniques, preventing downstream issues
in the HTL process, such as increased biocrude viscosity, catalyst deactivation, and NOx
production. Furthermore, the presence of nitrogenous compounds is also associated with
higher operating costs and energy requirements [40].

Thermal pretreatments are generally performed at temperatures between 150 and
225 °C, with various residence times (typically between 5 and 120 min), and using different
reactor configurations (batch and semi-continuous modes). Temperatures above 150 °C are
typically required to trigger cell lysis and peptide hydrolysis, which favour the extraction of
nitrogenous compounds and other non-combustible compounds [40]. Overall, the reviewed
studies reported reductions in initial nitrogen content but reached different conclusions
regarding biocrude yield and elemental composition (carbon, hydrogen, and oxygen con-
tent). These variations between studies can be explained using different microalgae species
and differences in operating conditions [11].

Mahima et al. concluded that the recovery of the aqueous phase of HTL, used as a
pretreatment for microalgae of the species Scenedesmus obliquus leads to higher biocrude
yields, when compared to a control reactor containing unpretreated feedstock (49% wt vs.
28% wt, respectively). In the same study, the higher heating value (HHV) also improved
(to 36 M]/kg) due to the increase in carbon concentration and the reduction in oxygen
content. Furthermore, GC-MS identification of the organic compounds presented in the
biocrude fraction revealed that approximately 60% were in the gasoline and diesel range
(Cy—Cy1). This approach also proved to be the most sustainable among all the pretreatments
tested [41].

Electrical and chemical pretreatments are quite promising, given the reported results
regarding nitrogen removal and increased biocrude yield. However, these results were
achieved only with a limited group of microalgae, and both pretreatments generally require
additional extraction procedures. Therefore, thermal pretreatment currently appears to be
the most suitable approach for intensifying the HTL process [24].

2.3. Phase Separation and Bio-Oil Recovery

Phase separation is an important phenomenon in hydrothermal liquefaction because
it strongly influences biocrude yield, composition, and upgrading performance. During
HTL, the liquid products may separate into organic and aqueous phases due to differ-
ences in polarity, molecular weight, and oxygen content of the compounds formed [42].
The organic phase generally contains more hydrophobic and energy-dense compounds,
while the aqueous phase is rich in polar oxygenated and nitrogenated species. This sep-
aration can improve biocrude quality by reducing oxygen content, acidity and viscosity
in the oil phase, resulting in higher heating value and lower hydrogen demand during
hydrodeoxygenation [43].

Recent studies have focused on optimizing phase behavior through solvent extraction,
catalytic HTL, aqueous phase recirculation, and process parameter control (Table 3). There-
fore, understanding and controlling phase separation is essential to maximize both carbon
recovery and fuel quality in HTL biocrude production [44].
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Table 3. Summary of studies focused on product separation following the hydrothermal liquefaction
(HTL) of microalgal biomass.

Separation

Microalgae HTL Conditions Method Principal Results Reference
- Yields depends of
microalgae type and
Bach reactor Solvents extraction solvent used (10-49% wt)
Chlorella sp. .
(100 mL); (acetone, - dichloromethane gave more
Enteromorpha pr. oC: dichl h p i [42]
Nannnochloropsis sp 220-320 °C; ichloromethane energetic recuperation

’ 60-90 min and toluene) (87-67%), C content higher
(75-78% wt) and O reduced
(9-13% wit)

- After 9 h, biocrude yield
56% wt, C (75% wt), N
Totraselmis s Batch reactor 1L, Dichloromethane ) f(‘)%/v/orr‘;\gc)a(lesié?i‘zg; w) [43]
p- 350 °C, 15 min for different times .
operational problems
related with ash during
biocrude purification
Batch reactor Solvents Extraction ilft}; ecl;; zleetlvizgr\ilf(;?:etnt
Nanochloropsis sp. 350-450 °C, (polar and [44-46]
. and aqueous phase
5-60 min non-polar)

(20-45% wt)

3. Biocrude Upgrading
3.1. Methods

The biocrude obtained from HTL has limitations that prevent its direct use as a sub-
stitute for crude oil as a precursor for liquid fuel production [7,10]. As a raw material
for fuel production, biocrude is a highly viscous and unstable substance composed of a
complex mixture of hundreds of oxygenated compounds and organic acids that can be
responsible for corrosion phenomena in mechanical components. Some of the organic com-
pounds present in biocrude derived from HTL, such as aldehydes, high-molecular-weight
oligomers, acetic acid, glycols, phenols, and levoglucosan, still have significant economic
and commercial value [24]. Table 4 presents a comparison between the properties of crude
oil and some biocrude obtained from microalgae through HTL.

Table 4. Comparison between the typical composition and the energy content of crude oil and some
biocrudes from microalgae [47].

Biocrude from Biocrude from Biocrude from

Property Light Oil Heavy Oil Spirulina sp. P Chlorella sp. P Nannochloropsis sp. °
HHV (M]/kg) @ 47.0 42.5 36.8 35.1 34.5
C (% wt) 84.0 85.0 73.3 70.7 68.1
H (% wt) 14.0 11.0 9.2 6.8 8.8
O (% wt) 1.0 1.0 104 14.8 19.0
N (% wt) 1.0 0.3 7.0 5.9 41
Ash (% wt) 0.1 0.1 - - -

Note: 2 ASTM Standards D240 [48], D4809 [49]; P 350 °C, 60 min, 10% biomass.

Considering the typical composition of the biocrude presented in Table 4, it becomes
evident that an upgrading step is required to obtain biocrude with properties closer to
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crude oil. After this step, the upgraded biocrude can be converted into biofuels through
conventional refining processes. Thus, upgrading processes are considered post-treatments
to the HTL process that improve the quality and compatibility of the crude biocrude
and enable its refinement into commercial biofuels. The main practical objective of this
upgrading is to increase the H/C ratio and reduce the content of heteroatoms (O, N, and S)
present in the biocrude [10].

Upgrading treatments can be divided into two main categories: dehydration/deoxygenation
(reduction in water and oxygen content) and hydrogenation (increase in hydrogen con-
tent) [50]. These approaches include physical processes (hot steam filtration, solvent
addition, and emulsification), chemical processes (esterification, catalytic cracking, and
hydrodeoxygenation), as well as other processes such as steam reforming, the use of
supercritical fluids, or electrochemical methods [10].

Table 5 presents an overview of the main methods used for upgrading biocrudes
obtained from HTL.

Physical treatments are generally not suitable for stand-alone upgrading processes.
However, these processes require moderate operating conditions moderate and can play
an important role if integrated with other treatments [10]. For example, solid particle/ash
removal by hot steam filtration can be used as a pretreatment to the main upgrading process
to remove soot residues and increase overall process efficiency, in addition to protecting
the catalyst from premature blocking of the active surface in subsequent catalytic cracking
or HDO steps [24,46].

Table 5. Main methods for upgrading biocrude obtained from HTL [10,49].

Upgrading Methods Effects Means Used Limitations
Sintered porous steels, Reduction in biocrude yield
. metallic powders, ceramic and increase in Fe content.
Hot vapor Removal of particles . - . .
. . materials, ceramic fiber Continuous losses during
filtration and ashes

fabrics, fiber glass, PC films
of 0.1 micron

operation due to
filter clogging.

Increases the homogeneity of

. biocrude and its HHV. Methanol, ethanol Addition mechanisms are
Solvents addition L . .
Reduces viscosity and propano-2-ol still complicated.
and density.
Extraction by Widely used at the industrial . Low recovery fraction and
oo Organic solvents, )
solvents and level. Specific solvents can water. adsorption high volume of
distillation be applied for each product ! p generated residues.
Stability and corrosion
problems. Commercially
Emulsification Reduces water content and Emulsifiers: Span 20, 60, 80, available emulsifiers and
increases HHV 85 and 100. Tween 80 and 85 co-emulsifiers are expensive.
Biocrude refining can also
be problematic.
Each distillation fraction has Results in light, medium and
. different properties. Thermal heavy distillates. Retention
Fractionated ) . .
S degradation can be - of some liquid fraction and
Distillation . .
prevented with pressure loss in the column.
vacuum distillation High-cost process.
S Heterogeneous acid basic, . .
Esterification Removal of carboxylic acids ionic catalysts, zeolites, Low biocrude yield and poor

through ester formation

aluminum, silicate

overall performance.
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Table 5. Cont.

Upgrading Methods Effects Means Used Limitations
Calcined dolomite, Na,COs,
Eliminates oxygenated K,COj3. Catalysts based on
compounds. Reduces acidit Ni, Ni/SiO,-AL,O3- ZSM-5, Low H/C ratio results in low
Catalytic P . Y HZSM-5, FCC SAPO-11, quantity biocrude, short
) index, water content and ) ) L
cracking viscosity. Improves HHV H-mordenite zeolite, catalyst lifetime and
of biocrude MgAPO-36, H-Y, reactor clogging.
' ZNHZSM-5, NazCO / Aleg, ’
K,CO3, MgO and Ca (OH),
Removes oxygen. Increases  FeS, Co, CoMo, NiMo, NiCu, High p}‘eszulg'hﬁdm%en
HDO calorific value and reduces  Al,Oz, CoMo/Al;O3, Pt, Rh, requuted. HHER cos
and low hydrogen

biocrude viscosity.

Ru, Ni

utilization efficiency.

Steam reforming

Use to produce hydrogen via
steam reforming of biocrude

Supported catalysts of Ni,
Rh, Pt, Pd, Co, Cu, Ir, Fe,

MgO, MgO-Al, O3, CeO,,
ZrO,, Calcite, dolomite,
Al,O3, Zeolites-Y, ZnO

Low catalytic reactivity and
stability. High catalyst cost

Ethanol, metanol, CO,, and

Su}i:elfigzcal Ir;ii;?iesiiilyoe}%iggizcees water. Catalysts based on Solvent cost
y Pt/C and Ni
. In situ hydrogenation under .
Electrochemical .2 . . Parallel reactions that reduce
Hydrogenation PTN conditions without Pt/C, SiW12, Ru/ACC faradaic efficiency

external sources of donors

Thermochemical treatments use heat, pressure, hydrogen, and catalysts to alter the
composition and characteristics of biocrude. These processes are widely used in crude
oil refining and have received considerable attention in both industry and academia.
However, differences between biocrude and petroleum limit the direct application of
these techniques to upgrade biocrude. Furthermore, these processes are energy-intensive
and require high temperatures and pressures, meaning that many specific applications are
not yet cost-competitive [10].

Catalytic HDO is currently the most well-established biocrude upgrading technique.
This catalytic process involves the removal of heteroatoms at high temperatures and
pressures and is considered a very promising route for the widespread production of
high-quality biofuels. To date, research in this area has focused on varying reaction condi-
tions and developing different types of catalysts [51]. However, although catalytic HDO has
already demonstrated good results in biocrude upgrading, some obstacles to its application
still need to be overcome, particularly regarding hydrogen consumption and the short
lifespan of the catalysts used.

3.2. HDO: Effect of Processing Conditions

The most important operational parameters regarding the yield and properties of the
biocrude resulting from the process include temperature, hydrogen pressure, residence
time, and solvent use [25].

HDO generally involves the conversion of carbonyl and carboxyl functional groups
into alcohols under mild conditions (100-300 °C), accompanied by subsequent reactions at
higher temperatures (350-400 °C). Generally, the efficiency is higher when the temperature
ranges between 300-350 °C. The process thus includes a combination of different hydro-
genation, hydrogenolysis, decarboxylation, decarbonylation, and dehydration reactions,
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depending on the specific process conditions [9]. Temperatures above 450 °C are not favor-
able for upgrading due to exothermic nature of HDO process and the increased formation
of coke deposits, which consequently deactivate catalysts.

Pressures should be between 100-300 bar. High pressure ensures good solubility of
H, in the reaction medium and promote stabilization of unstable precursors derived from
biocrude. These conditions reduce the formation of solid deposits and extend catalyst
lifetime. Some studies have shown that lower H; pressures can still achieve good deoxy-
genation efficiencies with optimized catalysts, which may lead to a significant reduction in
operating costs associated with the process [52].

The hydrogen donor solvents, such as methanol and ethanol, among others, influence
the activity of heterogeneous catalysts in HDO through competition for active sites, possible
formation of oxides on the catalyst surface and the generation of specific intermediate
compounds for each solvent. The occurrence of parallel hydrolysis and esterification
reactions is also a concern [50,51].

In terms of residence time, those values typically range between 0.5-8 h. High feed
rates and weight hourly space velocities result in lower HDO efficiencies. Short residence
times generally result in poor HDO efficiencies [51].

In addition to these parameters, HDO also requires the use of stable and versatile
catalysts, typically heterogeneous in nature (e.g., metals, acid catalysts, and bifunctional
catalysts). Catalytic HDO is a well-known technique in the petroleum industry, where it is
used to remove the oxygen content present in crude oil (usually <1%). The specific reaction
mechanism depends on the type of catalyst used (including the particle size of the active
phase, promoters, and supports), the operating conditions, and the presence of inhibitors.
Nevertheless, Dabros et al. recently detailed the mechanisms involved in the process when
the goal is to produce biofuels [48]. In the case of conventional HDO, the kinetic has been
studied through the application of lumped models, which have aided its development.
Overall, the catalysts used in HDO can be classified into five categories: sulfides, oxides,
noble metals, phosphides, and others (carbides and nitrides) [51,53].

Decarboxylation reactions are favored by metal catalysts such as Co, Pd, Pt, Ni, Rh,
Mo, and Ru. Generally, Co is the material with the highest catalytic activity. Conversely,
HDO reactions predominate when using metals based on C, Fe, and W or sulfur-containing
bimetallic materials such as Ni/MoSy, CoMoS,, and NiWS, [48]. The hydrotreatment
of biocrude has also shown good results with metal catalysts supported on zeolites or
carbonaceous materials (especially in highly acidic environments where conditions create
structural problems for zeolites and aluminas) [51]. Several researchers have conducted
studies applying different catalysts for biocrude upgrading by HDO. Most studies have
been conducted in laboratory-scale batch reactors (4-500 mL), showing a significant lack of
information regarding continuous reactor operation [50-53].

Transition metal carbides are also highly effective in the HDO process due to their
unique electronic structure and high thermal stability. For biocrude rich in aliphatic
compounds and oxygenated cyclic compounds, catalysts such as NiMo have shown good
performance given their ability to promote decarboxylation reactions and break C-O bonds,
while also presenting lower coke deposition and H, consumption when compared to noble
metal-based catalysts [52]. In this regard, Massoumi and Dalai investigated the use of
NiMo carbides supported on microalgae-derived activated carbon as a catalyst for the HDO
process. The results showed reductions in the O/C ratio between 40.7% and 85.5%, with
the maximum value being achieved with a co-impregnated NiMoC catalyst. This catalyst
also corresponded to a 27.8% reduction in N content and a 28.1% increase in higher heating
value. Researchers also observed a positive correlation between catalyst performance and
pore size and active phase [54].
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Differences in the relative contributions of hydrolysis, depolymerization, repolymer-
ization, condensation, decarboxylation, and decarbonylation can lead to substantially
different biocrude yields and compositions, even under similar nominal operating con-
ditions. This is because biomass hydrothermal liquefaction involves a complex network
of interconnected primary and secondary reactions, whose relative importance depends
not only on temperature, pressure, and residence time, but also on feedstock composition,
moisture content, heating rate, reaction environment, and catalyst properties [55].

Hydrolysis and depolymerization convert biomass macromolecules into smaller
molecules and soluble intermediates that can contribute to biocrude formation. However,
these intermediates may subsequently undergo dehydration, condensation, repolymer-
ization, and other secondary reactions, leading to the formation of heavier compounds,
gaseous products, water-soluble organics, or solid residues. Therefore, higher biomass
conversion does not necessarily result in higher biocrude yields, since the final product
distribution depends on the competition between these reaction pathways [55].

Decarboxylation and decarbonylation also play an important role in determining
biocrude composition by promoting deoxygenation through the formation of CO, and
CO, respectively. The relative contribution of these pathways can modify the oxygen
content, carbon distribution, acidity, stability, viscosity, and energy density of the resulting
biocrude [55].

Consequently, even small differences in the relative rates of these competing reactions
can substantially alter the final product distribution. Similar nominal conditions of tem-
perature, pressure, and residence time may therefore produce biocrudes with markedly
different yields and chemical properties because the outcome depends on the balance
between the formation, transformation, and stabilization of reactive intermediates during
biomass conversion. Recent studies also show that no single kinetic or predictive model
can accurately describe biocrude yields for all biomass feedstocks, highlighting the strong
influence of feedstock-specific reaction pathways and reaction networks [55].

3.3. Barriers of HDO

Hydrodeoxygenation is one of the most effective upgrading routes because it can
significantly reduce the oxygen content and produce hydrocarbon-rich fuels. However,
HDO is limited by high hydrogen consumption, catalyst deactivation and the capital costs
associated with high-pressure operation [56].

Hydrogen consumption depends strongly on the reaction pathway. Direct HDO
retains more carbon in the liquid product but requires molecular hydrogen, whereas
decarboxylation and decarbonylation can reduce hydrogen demand at the expense of
carbon loss as CO, and CO [56]. Therefore, the optimum process must balance oxygen
removal, hydrogen consumption and carbon retention. Alternative routes such as catalytic
cracking, esterification and co-processing with petroleum streams can reduce hydrogen
requirements or capital costs, but may result in greater coke formation, carbon loss or
feedstock compatibility problems [51].

Catalyst deactivation is a major challenge in HDO and is mainly caused by coke
deposition, poisoning, sintering and hydrothermal degradation. Coke blocks pores and
active sites, while contaminants such as nitrogen, sulphur, phosphorus, chlorine and metals
can poison the catalyst. Water produced during HDO can also affect catalyst structure and
stability. Consequently, real biocrude is considerably more challenging to process than
individual model compounds such as phenol or guaiacol [56].

The economic feasibility of biocrude upgrading depends mainly on feedstock cost,
hydrogen consumption, catalyst lifetime, utilities and capital investment. Hydrogen supply
and catalyst durability are particularly important economic factors. Multi-stage upgrad-
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ing and co-processing with existing refinery infrastructure can reduce process costs and
improve catalyst stability [57].

Overall, HDO provides high-quality products but is hydrogen- and capital-intensive,
while catalytic cracking reduces hydrogen demand but can increase carbon loss and coke
formation. Integrated strategies combining stabilisation, selective HDO, efficient hydrogen
recycling and refinery integration are therefore among the most promising approaches for
economically viable biocrude upgrading [51,56].

4. Pilot and Lab-Scale Units

Most HTL research occurs in batch reaction systems, but there is growing interest in
scaling up the technology using continuous units. Experiments with microalgae at the
laboratory level have demonstrated the potential of HTL to produce a biocrude precursor to
liquid fuels for the transportation sector, both academically and industrially, where several
groups and companies have evaluated the scale-up of the technology to accelerate its matu-
rity and commercialization. However, HTL-based processes are still in the development
phase and require further research, essentially focused on the continuous production of
biocrude in pilot/demonstration-scale units, as most current studies are still conducted at
laboratories and batch scales.

Batch processing allows the use of biomass with more significant solids concentrations
(20-30% wt). The feedstocks are typically introduced into autoclave-type reactors and
subjected to specific temperature and pressure conditions. However, there are associated
disadvantages, particularly in terms of fluctuating operating parameters, difficulty in inde-
pendently adjusting temperature and pressure, distinct contact patterns between materials,
limited product quantities, and high energy consumption. In this sense, industrial-scale
batch processing is used only to generate high-value-added products, with small quantities
as the final product.

Currently available HTL units and technologies that can be applied to process microal-
gal biomass are explained in following sections. The following description is divided into
two parts: the first part relates to laboratory or pilot configurations, and the second focuses
on units with larger processing capacities, closer to commercial scale.

Regarding bench-scale or pilot-scale units operated continuously, there are some aca-
demic institutions and private companies that have developed small reactors for processing
microalgae. Studies based on these configurations are important because they allow the
simulation of larger-scale units operating under similar conditions, optimizing operating
flow rates and energy needs.

The Pacific Northwest National Laboratory (PNNL, USA) developed a continuous
HTL system combining a continuously stirred tank reactor (CSTR) with a horizontal tubular
plug-flow reactor to process various types of wet biomass (micro- and macroalgae, food
waste, wastewater treatment sludge, and digested solids). The overall volume is 1.6 L, and
the system operates at volumetric flow rates of approximately 1.5 L/h [58]. Tests conducted
with commercial microalgae (Solix LEA, NB238, Cellana LL, and Cellana HL) and operating
conditions of 350 °C, 200 bar, and 17-35% wt biomass resulted in biocrude yields of 38-64%
wt (the maximum value was achieved with Cellana HL) and with gross calorific values
(GCV) of 40 MJ /kg [59]. The unit schematic is illustrated in Figure 2.

Aarhus University (Denmark) designed an HTL process whose main components
are the tubular reactor with hydraulic oscillation system to improve mass transport and
heat transfer. Figure 3 illustrates the interconnection of the different components. The
unit has a total volume of 20 L and operates at volumetric flow rates of 1.0 L/min under
maximum temperature and pressure conditions of 350 °C and 220 bar, respectively. The
built-in heat exchange system allows energy efficiency of around 75-80%. The materials
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chosen for the construction of the various components were a Ni alloy (UNS N06025) and
316L stainless steel. Experimental tests with Spirulina sp. (16% wt biomass, 350 °C, 220 bar,
6 min) resulted in a biocrude yield of 33% wt and a thermal efficiency of 47% [58,59].

TUBULAR REACTOR
(JACKETED)

FEED TANK
FEED TANK
(HIGH PRESSURE) (HIGH PRESSURE)

SEPARATOR
(FILTER)
(ELECTRIC)

SOLIDS
DRAIN

PRE-HEATER / COOLER
HYDRAULIC PISTON (EXCHANGER)

PUMPS (2x)

PUMP PUMP PRESSURE

ot KIoR OIL COLLECTION

VESSELS (2x)

Figure 2. HTL system based on a mixed reactor coupled to a tubular reactor [adapted from [60]].
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Figure 3. HTL pilot from Aarhus University [adapted from [58]].

The Karlsruhe Institute of Technology developed a 190 mL CSTR-based HTL system
operating at 350 °C and 200 bar, with a residence time of approximately 15 min. The
CSTR enables rapid heating, reduces clogging, and allows the processing of more viscous
mixtures, although it generally provides lower conversion rates and is more difficult to scale
up (see Figure 4). Nannochloropsis gaditana and Scenedesmus almeriensis was converted under
the standard conditions indicated above, with biomass percentages between 9-18% wt,
obtaining biocrude yields between 40-50% wt [59,60].
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Figure 4. HTL pilot from Karlsruhe Institute of Technology [adapted from [61]].

The University of Leeds developed a continuous HTL system based on a coiled tubular
reactor operating at approximately 350 °C and 180-185 bar (Figure 5). Chlorella sp. was
processed at a 10% biomass concentration, producing biocrude yields of 37-40% wt and a
higher heating value of 36 MJ/kg. The system operated with residence times of 1-6 min,
with longer residence times resulting in lower biocrude yields. Longer residence times
were associated with lower biocrude yields [62].
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Figure 5. HTL pilot from University of Leeds [adapted from [62]].

The University of Bath developed an HTL system using a pressurized nitrogen-driven
piston system instead of a conventional pump-based feed. Its vertical reactor design
promotes rapid heating and reduces clogging by allowing solid particles to settle. The
system operates at up to 347 °C and 160-165 bar, but flow control is more difficult (Figure 6).
The conversion of microalgal biomass (Scenedesmus sp. and Chlorella sp.) at 5% wt resulted
in a maximum biocrude yield of only 22% wt, a relatively low value compared to other
reaction systems. This result was mainly due to the characteristics of the microalgae used
(high ash content and low lipid fraction). The tests were carried out at 300 and 340 °C with
volumetric flow rates between 3 and 7 mL/min [61].
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Figure 6. HTL pilot from University of Bath [adapted from [63]].

The University of Twente developed a stainless-steel helical plug-flow tubular reactor
operating at pressures of up to 500 bar (Figure 7). Tests were conducted with a mixture of
Scenedesmus sp. at 5.7% wt resulted in a maximum biocrude yield of 35% wt (ash-free dry
basis). Process conditions were 350 °C applied for 30 min, and the final biocrude showed
considerable carbon content (7% wt), low oxygen content (13% wt), and significant higher
heating value (35 MJ/kg) [59,60].

Feedstock Water
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collectors

Liquid

collector
Pump
ﬁ Reactor LJ

‘ﬁLuwww

D
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Typical operating conditions

* Temperature: 300-380 °C

* Pressure: 160-250 bar

* Reactor volume: 20 mL-20 L

« Circulation flowrate: 0.18 — several L/min

@ Pressure & Control valve

‘ @ Temperature —D Check valve ¢¥ Relief valve

Figure 7. HTL pilot from University of Twente [adapted from [60]].

Typically, biocrude yields achieved in these configurations reach 30-50% wt, with
mixtures of microalgae with biomass percentages that typically do not exceed 18% wt [59].
In sum, many of the reactors used are plug-flow reactors with electric heating systems
or fluidized beds, which can be scaled up more easily than other configurations. The
hydraulic oscillation system proposed by Aarhus University appears to be a very promising
solution for ensuring a uniform and constant flow of the mixture throughout the unit,
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while simultaneously allowing for higher processing capacities of up to 60 L/h. The
concepts developed by the various institutions may be of interest for future large-scale HTL

technology demonstration units (Table 6).

Table 6. Pilot and lab-scale units in operation.

. o . . . . Operating Biocrude Main
Unit/Institution Main Configuration = Volume/Capacity Conditions Yield Advantages/Limitations
High yield; different wet
PNNL (USA) CSTI:e ;"Cttglr’mar 16L;~1.5L/h  350°C;200bar  38-64% biomasses, integrated
preheating and filtration
Excellent heat recovery
Aarhus Universit Tubular (75-80%); improved mixin
y reactor + hydraulic 20L; 1 L/min 350 °C; 220 bar 33% 0); 1mp . &
(Denmark) R and heat transfer; potential
oscillation i
capacity up to 60 L/h
Karlsruhe Institute 190 mL; ~15 min Rilpo1 . }i:at;?sifjxid
of Technology CSTR e 350 °C;200bar  40-50% 8BINg r15%
(Germany) residence time conversion and more
difficult scale-up
Continuous and relatively
University of Coiled tubular ) 350 °C; o simple operation; longer
Leeds (UK) reactor 98 mlL;25L/h ~180-185 bar 37-40% residence times
reduced yield
Vertical reactor with Lower investment and
University of Bath ressurized . Up to 347 °C; Un to 229 reduced clogging risk;
(UK) P . 160-165 bar P ? difficult flow control and
piston-driven feed 1 .
ower yield
. . High operating pressure
Un}r‘;i:g of Helical plug-flow 39 mL; 350 °C; up to 359 and biocrude with good
(The Netherlands) tubular reactor 1-5.5 g/min 500 bar energy properties;

laboratory-scale system

5. Demonstration-Scale HTL Units and Associated Technologies

The scaling-up of HTL technology to a demonstration or even commercial scale has
been carried out by some companies in the market, in some cases through partnerships with
academia to develop industrial units for processing microalgae and other raw materials.
Some of these HTL facilities and technologies are briefly described in the following sections:

Genifuel Corporation (Salt Lake City, UT, USA) developed and built an HTL demon-
stration unit in India with the capacity to process 1.0 t/day of microalgal biomass for
conversion into gaseous and liquid fuels. The facility operates under temperature and
pressure conditions of 350 °C and 207 bar, respectively, and a biomass of 20% wt. The
volumetric flow rate of the mixture varies between 1.0 and 2.5 m3/day. Under these condi-
tions, biocrude yields of approximately 38% wt and carbon recoveries of 79% wt can be
expected [64].

Steeper Energy (Calgary, Canada), in collaboration with Aalborg University (Den-
mark), has designed a process for applying HTL technology called Hydrofaction® that
allows the conversion of microalgae or other feedstocks (e.g., forest residues, animal ma-
nure, and wastewater treatment sludge) into a high-quality biocrude with low oxygen and
good calorific properties (38 MJ/kg, higher heating value). The process occurs under condi-
tions, with temperatures and pressures between 390-420 °C and 300-350 bar, respectively.
High temperatures favor the kinetics of the process, maintaining other water physics, such
as density, in the subcritical zone of traditional HTL [65].

Furthermore, the higher ionic product of water under these conditions inhibits a set
of reactions responsible for the formation of coke deposits during the process. Another

https:/ /doi.org/10.3390/pr14172710


https://doi.org/10.3390/pr14172710

Processes 2026, 14, 2710

20 of 26

important feature is the integration of a liquid phase recirculation step (oil and aqueous),
contributing to better fluidization and stabilization of the materials. These characteristics
are promoted by the action of oxygenated compounds in solvolysis and acidolysis reactions.
Overall, the biocrude obtained from the Hydrofaction® process (Steeper Energy Calgary,
Canada), presents good yields in terms of product and energy, 45% wt and 85% wt, respec-
tively, high energy efficiency (>80%), and, therefore, an interesting potential for refining
into various liquid fuels, such as biojet fuel and biodiesel [58,65].

The Cat-HTR® process (Licella Holdings Ltd., North Sydney, Australia) is a patented
high-throughput (HTL) system from the company Licella Pty Ltd. capable of processing
algae and other types of feedstocks, such as plastic and agroforestry waste. Initially,
the feedstock is pretreated (grain size adjustment), mixed with water, and subsequently
preheated, pumped, and mixed with catalysts (e.g., NaOH) and an additional solvent. The
mixture then enters an HTL reactor operated at 350 °C and 200 bar for 20-25 min, where
conversion occurs. At the end of the process, the final biocrude is cooled, depressurized,
separated, and distilled into various products such as naphtha, diesel oil, and heavy
wax [66].

Altaca Energji (Istanbul, Tiirkiye) developed by Genifuel holds the patent for CatLiq®
technology. This system converts wet biomass (e.g., algae, wastewater treatment sludge,
and manure) into HTL-based biocrude [67]. The process operates at 350 °C, 250 bar, and a
residence time of 1 to 15 min, in the presence of a catalytic material (ZrO,). The innovative
concept of this technology is the recirculation of the mixture, which allows more contact
with the catalyst and higher overall conversion. Initially, the feedstocks pumped, heated,
and mixed with the catalyst, and then circulated until full conversion. The resulting solids
accumulate in a saline solid’s separator located below the HTL reactor. The remaining
products (aqueous phase, gas fraction, and biocrude) are recovered from the circuit using a
pressure reduction device and a phase separation step [68].

Table 7 summarizes the main characteristics of the HIL technologies described above
that are already available on a commercial scale.

Table 7. Characteristics of HTL technologies.

Technology Name and Owner  Typical Feedstock and Operating Parameters Facilities

Genifuel Corporation

Feedstock: wastewater solids, food
processing wastes, brewery wastes, animal
wastes, algae, and many others.
Operating parameters: 350 °C and 207 bar

Western United States

Feedstock: Algae, Forest residues, animal

manure, energy crops, wastewater Silva Green Fuel (Norway) with

HydroFaction (Steeper Energy & treatment sludges.
Aalborg university) Operating parameters: subcritical water feigssfgsl;]ﬁ%%% ir;gc;rest
(390420 °C, 300-350 bar), recirculation of the ! y
aqueous phase.

Feedstock: algae, plastic and agricultural Somersby (Australia) feedstock

Cat-HTR (Licella Pty. Ltd.) . residues, paper. based on hgn.ocellulos%c biomass
Operating parameters: subcritical process production capacity of

(350 °C, 200-250 bar) 7500 t/year

CatLiq (Altaca Enerji)

Feedstock: sewage sludge, animal manure,
straw, glycerol.
Operating parameters: subcritical process
(350 °C, 200-250 bar), recirculation of the
mixture in reactor

Gonen (Turkey) feedstock based
on sewage sludge; 80 kg/h
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In addition to current demonstration facilities and existing commercial technologies,
new projects are being planned to develop HTL-based biorefineries that will eventually
convert microalgae into fuel products. One example is the HyFlexFuel project (GA no.
764734) [69], which resulted from a partnership between several European companies and
institutions, such as Aarhus University (Denmark), ENI (Italy), and Arttic (France) under
the Horizon 2020 program. The project aimed to develop a fully integrated process focused
on the hydrothermal conversion of lignocellulosic waste, food waste, and microalgae at
350 °C and 200 bar, followed by the upgrading of the resulting biocrude to produce liquid
fuels such as gasoline, diesel, and jet fuel. Furthermore, the aqueous phase of the process
was recovered to obtain biogas and fertilizers through parallel processes such as anaerobic
digestion and hydrothermal gasification. One of the objectives achieved by the project’s
was to scale up the technology from a technology readiness level (TRL) of 2—4 to a final
level of 5 [69].

Overall, the number of HTL facilities operating at a demonstration or commercial
scale is still quite limited, especially using feedstock such as microalgae. Despite efforts to
expand and develop HTL technology, the fuels produced still have some drawbacks, such
as higher production costs compared to traditional fossil fuels, as well as technical issues
that must be overcome during operation in a demonstration environment [69]. Therefore, it
is necessary to continue research efforts related to eliminating barriers and optimizing the
overall operation of the facilities, to disseminate and make HTL for microalgae conversion
more attractive.

6. Challenges and Perspectives

The continuous upgrading of biocrude requires stable operation, long catalyst life-
times and efficient management of the aqueous phase. The complex composition of real
biocrude, including water, oxygenated compounds and contaminants, can cause catalyst de-
activation through coke deposition, poisoning, pore blockage, sintering and hydrothermal
degradation [56,70].

Catalyst longevity is therefore essential for maintaining conversion and product quality
while reducing replacement and regeneration costs. Feedstock stabilisation, controlled
acidity and robust catalyst structures can improve long-term performance. The aqueous
phase, generated during HDO and already present in the biocrude, must also be efficiently
separated and treated because it can contain dissolved organic compounds and increase
wastewater-treatment costs [51].

From a techno-economic perspective, the main factors affecting process viability are
feedstock cost, hydrogen consumption, catalyst lifetime, water management, utilities and
capital investment. Hydrogen supply and catalyst durability are particularly important
because high-pressure HDO requires significant infrastructure and operating costs [68].
Overall, economically viable biocrude upgrading requires integrated processes combin-
ing stable continuous operation, durable catalysts, efficient aqueous-phase management,
hydrogen recycling and process integration.

7. Conclusions

HTL is considered one of the most promising thermochemical technologies for con-
verting aquatic biomass from microalgae into liquid biofuels. The process uses subcritical
water to promote biomass decomposition, avoiding the heat of vaporization of water at
high temperatures and, consequently, requiring less energy than similar processes. HTL
technology converts the entire microalgal biomass (primarily lipids, proteins, and carbo-
hydrates) into a biocrude with a higher energy density that can potentially be processed
into transportation fuels. Process operating conditions significantly affect the reaction
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kinetics and mechanism. As a result, the distribution of HTL products and their quality
are highly dependent on operating parameters, particularly temperature, residence time,
biomass percentage, and heating rate. Additionally, biocrude production by HTL also
depends on the microalgae species used, with the final quality of the crude biocrude being
influenced by using pretreatments, catalysts, and solvents in the final separation of the
products. Furthermore, given that microalgae-derived biocrudes have high oxygen and
nitrogen contents, these must be adjusted before processing or upgrading. HDO is the most
used biocrude upgrading technology.

Most HTL research has been conducted in small-scale batch reactors, typically with
volumes on the order of hundreds of milliliters. Currently, there is a need to transition from
small-scale batch HTL reactors to larger pilot units with continuous operation. Several
research groups worldwide have developed and demonstrated some reaction system
concepts that meet these requirements. This review presents an overview of the most
promising continuous microalgae HTL units, from laboratory to demonstration scale.
Regarding benchtop reactors, PNNL has developed a 1.6 L continuous reaction system
capable of achieving biocrude yields of 38-63% wt and 59% wt for micro- and macroalgae,
respectively, under operating conditions corresponding to 350 °C and 200 bar. Another
interesting configuration was that of Aarhus University, which was used to successfully
convert microalgae biomass in a 20 L reactor with yields of 25-33% wt. In general, although
other reactor types are also used for continuous operation, plug flow tubular reactors
remain the most popular for continuous HTL.

Demonstration-scale units still exist in very limited numbers, but some HTL projects
and processes by companies such as Genifuel Corporation in Western United States, Licella
Pty Ltd., Steeper Energy ApS and Altaca Energie, respectively, provide good indications
of the technology’s future in the short term. However, these processes are still under
development or in the preliminary operational phase, making it difficult to obtain technical
information related to, for example, capacities, reactor design, and operating conditions.
This review is also intended to briefly review the chemistry and key conditions of the HTL
process, as well as possible subsequent upgrading processes, detailing the relevance of
each experimental parameter and the existence of correlations with the yield and quality of
the resulting biocrudes.

The use of pretreated microalgal biomass as a raw material in HTL can improve
the properties of crude biocrude by reducing oxygen and nitrogen levels. Furthermore,
pretreatments can also allow the extraction of compounds such as polysaccharides, adding
value to the conversion process. Thermal pretreatments are widely used, although the
overall biocrude yield is negatively affected by mass losses during the pretreatment stage.

Temperatures close to the critical point of water are the most suitable (>300 °C) for the
process, since more severe processing conditions lead to greater biomass decomposition
and, consequently, higher yields of biocrude and volatile condensates. On the other hand,
more moderate conditions are associated with a higher fraction of water-soluble products
and hydrochars. High heating rates can help improve biocrude yield. This parameter
is particularly important in continuous flow reactors since batch reactors are typically
thermodynamically limited due to their configuration and structure (especially the thick
stainless-steel walls). However, this parameter needs to be carefully adjusted, as very
high heating rates have been associated with sharp reductions in biocrude yield because
the reaction time is too short to achieve full biomass conversion. Short residence times
(5-10 min) are beneficial to the process, not only in terms of biocrude yield, but also in
terms of minimizing the energy requirements of the thermal process (particularly when the
process occurs in higher temperature ranges). Several studies have concluded that biomass
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percentages above 20% wt do not have a significant effect on biocrude yield and quality.
Nevertheless, this parameter should be optimized.

Homogeneous catalysts appear to be a better option than organic acids, as they result
in higher biocrude yields and higher HHV. Acid catalysts result in good biocrude yields,
but with a higher number of oxygenated compounds. Heterogeneous catalysts have shown
very promising results in HTL, both compared to the more conventional (non-catalytic)
process and to homogeneous catalysts.

Catalytic HDO is one of the most well-established biocrude oil upgrading processes.
The process uses high temperatures (250-400 °C), high hydrogen pressures (10-30 MPa),
a solvent (methanol, ethanol, propan-2-ol, tetralin, or formic acid), and a catalyst (metal
sulfides, metal carbides, nitrides, phosphides, or noble and non-noble metals) to remove
heteroatoms and improve the quality of crude biocrude oil. Currently, the most promising
HDO catalysts for processing biocrude oils of microalgal origin are Pt, CoMo, and zeolites
under specific process conditions. HTL can be considered a very promising technique,
but continued investment is needed in its development to scale continuous biocrude oil
production and achieve full commercial implementation of the technology. Likewise, the
development of integrated HTL processes and biocrude oil upgrading is essential for the
large-scale industrial implementation of this technology.
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