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Abstract: Hydrothermal liquefaction (HTL) is an emerging technology for bio-crude production but
faces challenges in determining the optimal temperature for feedstocks depending on the process
mode. In this study, three feedstocks—wood, microalgae spirulina (Algae Sp.), and hydrolysis lignin
were tested for sub-supercritical HTL at 350 and 400 ◦C through six batch-scale experiments. An alkali
catalyst (K2CO3) was used with wood and hydrolysis lignin, while e (Algae Sp.) was liquefied without
catalyst. Further, two experiments were conducted on wood in a Continuous Stirred Tank Reactor
(CSTR) at 350 and 400 ◦C which provided a batch versus continuous comparison. Results showed
Algae Sp. had higher bio-crude yields, followed by wood and lignin. The subcritical temperature of
350 ◦C yielded more biocrude from all feedstocks than the supercritical range. At 400 ◦C, a significant
change occurred in lignin, with the maximum percentage of solids. Additionally, the supercritical
state gave higher values for Higher Heating Values (HHVs) and a greater amount of volatile matter
in bio-crude. Gas Chromatography and Mass Spectrometry (GCMS) analysis revealed that phenols
dominated the composition of bio-crude derived from wood and hydrolysis lignin, whereas Algae Sp.
bio-crude exhibited higher percentages of N-heterocycles and amides. The aqueous phase analysis
showed a Total Organic Carbon (TOC) range from 7 to 22 g/L, with Algae Sp. displaying a higher
Total Nitrogen (TN) content, ranging from 11 to 13 g/L. The pH levels of all samples were consistently
within the alkaline range, except for Wood Cont. 350. In a broader perspective, the subcritical
temperature range proved to be advantageous for enhancing bio-crude yield, while the supercritical
state improved the quality of the bio-crude.

Keywords: sub-supercritical HTL; lignocellulosic biomass; microalgae; bio-crude

1. Introduction

The decline in the use of fossil fuels has led the world to explore new resources
and embrace renewables. Biomass, a renewable source, can be harnessed for energy
production [1]. The European Union (EU) is making significant efforts to become the first
climate-neutral region globally by 2050, emphasizing sustainable transportation with green
fuels [2]. For energy production in the form of biofuel or biogas, biomass can be treated in
two ways, through biochemical and thermochemical routes. The thermochemical process
has an edge over the biochemical due to its rapid conversion and short duration of reaction
time [3]. Hydrothermal liquefaction (HTL) is a type of thermochemical process which
converts any type of biomass into high-energy bio-crude under temperature from 280 to
400 ◦C and pressure from 15 to 25 MPa [4]. HTL utilizes the basic thermodynamic property
of water at sub and near-critical state where reactions such as depolymerization, bond
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breaking, rearrangement, and decarboxylation take place to decompose the solid structure
of biomass into oily components (bio-crude) [5].

Over the years, various studies have been published on the treatment of mainly
lignocellulosic and high-proteinaceous biomass like wood [6–10], microalgae [11–14], and
lignin [15,16]. Lignocellulosic biomass is a ubiquitous natural resource, with lignin ranking
as the second most abundant compound in plants [17]. Moreover, the paper industry
produces a significant amount of lignin as a by-product, known as Kraft lignin (cellulose
extracting process) [18]. Approximately 55 million tons of lignin have been produced
annually by the pulping processing industry, contributing significantly (80%) to the global
production. However, despite being one of the most abundant biopolymers in nature
and industry, lignin has not been effectively utilized, as it is only being used for chemical
production and heating sources. Exploring bio-crude production presents a promising
option to extract the maximum energy potential from lignin [19]. Yang et al. conducted
a liquefaction test at 290 ◦C on five model components: xylan (hemicellulose), crystalline
cellulose, alkaline lignin, soya protein, and soybean oil. Their findings revealed the bio-
crude yield trend from highest to lowest as lignin, hemicellulose, cellulose, protein, and
lipids. [20]. Mathanker et al. conducted a parametric study on corn stover, exploring
temperatures of 250, 300, 350, and 375 ◦C, along with initial pressures set at 300 and 600 psi,
and retention times of 0, 15, 30, and 60 min. The highest conversion and yield of Heavy Oil
were achieved at 300 ◦C, with values of 82.62 wt.% and 29.25 wt.%, respectively. Notably,
the Heavy Oil yield decreased with temperatures rising beyond 300 ◦C [21]. Pinkowska
et al. carried out a sub-supercritical liquefaction (279 to 379 ◦C) of alkali lignin, examining
its impact on the yield of primary compounds. The highest yields for guaiacol, catechol,
phenol, and cresol isomers were observed at approximately 11.23% (553K, 0 min), 11.11%
(653K, 0 min), 4.21% (663K, 240 min), and 7.00% (663K, 240 min), respectively [22]. Belkheiri
et al. explored the impact of phenol as a capping agent on HTL of lignin to inhibit char
formation. Various feed concentrations of phenol (2–10%) were examined, revealing that
even at low concentrations, phenol partially hinders repolymerization. The bio-crude yield
remained stable at 61% across varying phenol concentrations. Regarding catalyst-induced
char formation, the char yield exhibited a modestly decreasing trend (14.6–12.3%) with an
increase in the amount of phenol in the feed [23]. Similarly, microalgae are a promising
renewable, sustainable, and economical resource for biofuels and chemicals due to their
good adaptability, high conversion rate, and environmental friendliness. The majority of
researchers have reported their results in the range from 280 to 370 ◦C [24–27]; for example,
Biller et al. studied the effects of acid and alkaline catalysts on microalgae (Chlorella,
Nannochloropsis occulata, Porphyridium, and Spirulina) and some modal compounds at
350 ◦C. The results showed the trend of lipids > proteins > carbohydrates for bio-crude
yield. Both proteins and lipids were converted to bio-crude most efficiently without the use
of catalysts, while carbohydrates were best processed using Na2CO3 [14]. Whereas Vo et al.
observed 51% bio-crude yield while liquifying microalgae (Aurantiochytrium sp.) under
supercritical temperature (400 ◦C) for 10 min [28].

However, a comparative study of wood, Algae Sp., and hydrolysis-lignin at sub- and
supercritical states (particularly at 400 ◦C) and its characterization is still missing in the
literature. In this context, three different feedstocks (Wood, Algae Sp., and Hydrolysis
lignin (by-product of bioethanol) were selected for the sub-supercritical HTL. This study
was conducted to assess the liquefaction behavior of different varieties of feedstocks
(lignocellulosic and high-protein-containing biomass) in sub- and supercritical water and
to examine its effect on bio-crude yield and properties. Moreover, some continuous HTL
experiments were also performed using the Continuous Stirred Tank Reactor (CSTR) on
wood at same conditions to have a comparative information of batch and semi continuous
plant. In the last section, the identified challenges with suitable recommendations are
discussed to pave the way for feasible HTL in the future.
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2. Materials and Methods
2.1. Collection of Feedstocks and Their Analysis

Pine wood powder was collected from Aalborg South, Aalborg Denmark, while Algae
Sp. was purchased commercially from Norway, the Cellunolix® hydrolysis lignin was
obtained from St1 Norge AS. The proximate analysis of the feedstocks was carried out. The
moisture content was determined by a moisture analyzer. The volatile matter (VM) was
detected through thermogravimetric analysis (TGA, TA instrument Discovery) at 800 ◦C
under nitrogen gas, whereas the ash content was measured through furnace method by
heating the biomass at 775 ◦C for four hours. Temperature ranges for ash and volatile
fractions were selected on the basis of previous studies [29,30]. Elemental composition
of all feedstocks was analyzed through elemental analyzer (Perkin Elmer, 2400 Series II
CHNS/O), operated on CHN mode. HHV of biomass were calculated through C2000 basic
Calorimeter (IKA, Staufen, Germany).

2.2. HTL Experiments

All HTL experiments were carried out at SINTEF Energy Research’s lab facilities,
Trondheim Norway, whereas all the characterization of HTL products was carried out in
Advanced Biofuel Lab, at Aalborg University, Denmark. At SINTEF Energy Research, the
batch experiments were conducted in Continuous Stirred Tank Reactor (CSTR)—operated
on batch mode with the following features: internal volume 1000 mL, internal diameter
80 mm, internal height 200 mm, feed capacity 0.5–2 L/h, and maximum design range of
temperature 500 ◦C. For continuous scale experiments, the same system was used with
complete CSTR mode, slurry feeding with dual pumps at 350 and 400 ◦C, at a pressure of
350 bar as demonstrated in Figure 1.
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Figure 1. CSTR system at SINTEF Bio-Lab, Trondheim, Norway.

For batch experiments, 550 mL and 330 mL of slurries were prepared with 10% dry
matter from all feedstocks at temperatures of 350 and 400 ◦C under the retention time of
1 h. The 2% catalyst (K2CO3) was applied to wood and hydrolysis lignin, whereas Algae Sp.
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slurry was prepared without catalyst, after a literature survey that alkali catalysts do not
prove useful for high-proteinaceous biomass [14,25]. The different volume of slurries was
kept by keeping in mind the expected volume of gases to be produced at higher temperature.
The slurry was poured into the reactor, the reactor was tightened, the temperature was
allowed to increase up to the desired level, and continuous readings of temperature and
pressure were recorded at screen monitors.

After the reaction, the reactor was allowed to cool down to room temperature. Firstly,
the upside valve was opened, and the gas was vented out. Then, the reactor was opened,
and the aqueous phase was collected by a syringe. The reactor was washed with acetone,
and then the mixture underwent vacuum filtration to collect the solid phase. The remaining
mixture of acetone and bio-crude was slowly heated at 40 ◦C to evaporate the acetone, and,
in last bio-crude, it was weighted to report the final yield on a dry ash-free (daf) basis. All
experiments were performed in duplicate to maintain consistency in results.

The two experiments were carried out at a semi-continuous scale on wood at tem-
peratures of 350 and 400 ◦C, with a 2% catalyst concentration corresponding to 10% dry
matter. Unfortunately, the Algae Sp. slurry proved to be too thick and fluffy, hindering
interaction with water. Consequently, only water drained out of the outlet valve, resulting
in inadequate hydrothermal conversion. On a positive note, lignin was efficiently pumped;
however, issues arose downstream as the reactor became blocked due to the increased char
production under pressure and the system capillaries’ incompatible size.

Product separation in the wood experiments followed the same procedure as in the
batch experiments, excluding the use of acetone. The gravimetric method was employed to
separate bio-crude and water.

2.3. Analysis of HTL Products

The elemental composition of HTL bio-crude and solid phase was determined by
elemental analyzer (Perkin Elmer, 2400 Series II CHNS/O), operated in CHN mode. The
stability and thermal behavior of bio-crude was detected through TGA under the nitrogen
atmosphere at a temperature of 800 ◦C; simultaneously, the ash content was also determined
by keeping the sample on isothermal mode under oxygen gas at 800 ◦C. Organic compound
composition in bio-crude was analyzed by a Gas Chromatograph system coupled with a
Mass Spectrometer (GC-MS). The GC oven, equipped with a capillary column, had the
temperature raised up to 300 ◦C. For GCMS, the bio-crude samples were prepared using
the DEE and then filtered using the syringe filters before being injected into GC oven. The
aqueous phase was also analyzed through indicators of total organic carbon, total nitrogen,
and pH. The TOC and TN were through HACH Kits (LCK: 386, 138 respectively) and a
spectrophotometer unit (Hach & Lange, DE3900), respectively. The pH was measured
through a WTW pH meter 3210. The Higher Heating Value (HHV) for bio-crude was
calculated using the Channiwala and Parikh correlation [31].

The bio-crude, solid yield, and energy recoveries were calculated using the following
equations.

Bio − crude yield(%) =
weight of bio − crude

weight of grassresidue (daf)
× 100 (1)

Solid residue yield (%) =
weight of Solid residue

weight of grass residue (daf)
× 100 (2)

HHV (MJ/kg) = (0.3419) C + (1.1178) H − (0.1005) O − (0.1034) N (3)

Carbon recovery(%) =
%C in Product

%C in grass residue
× product yield in (%) (4)

Energy recovery in bio − crude (%) =
HHV of bio − crude
HHV of grassresidue

× bio − crude yield (5)
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3. Results and Discussion
3.1. Feedstock Characterization

The feedstocks were characterized to assess their proximate and chemical properties.
In the biomass context, the volatile matter content is a key parameter, influencing the
combustible fraction, ignition, and combustion characteristics. Volatile matter values were
determined for all feedstocks using TGA in the presence of nitrogen gas. Wood exhibited
the highest value (91%), followed by Algae Sp. (72%), and lignin (60%), all measured at
800 ◦C. This indicates that, under this temperature, all organic matter involved in forming
(biocrude, aqueous phase, and gas) was combusted, leaving behind fixed carbon and ash
contents. The thermogravimetric curves are illustrated in Figure 2.

Both wood and lignin showed lower values for ash contents from 0.3 to 0.5, whereas
Algae Sp. contained 8.92% of ash. Fixed carbon (FC) was calculated by the formula FC = 100
− (Moisture + Ash + VM). Lignin showed the highest value for HHV due to the presence of
maximum amount of carbon. All feedstock showed promising values for H/C, indicating
good prospects for bio-crude production. Here, all values are reported on a dried ash-free
basis (Table 1).

Table 1. Characterization of the feedstocks.

Feedstocks Moisture (%) Ash a VM a FC a C (%) b H (%) b N (%) b O (%) b,d H/C HHV
(MJ/kg)

Wood
Powder 9.88 0.40 91.11 8.60 46.09 6.59 0.09 47.24 1.71 18.36

Algae Sp. 5.87 8.92 72.23 19.08 45.80 6.83 10.66 36.72 1.79 18.50
Lignin 4.41 0.20 60.45 39.80 61.85 6.08 0.63 31.45 1.18 24.72

a Dry basis. b Dried ash-free basis. d Oxygen calculated by difference.
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3.2. Yield of HTL Products

Eight experiments were carried out in total, with six conducted at batch scale at 350
and 400 ◦C, and two (Wood cont. 350 and Wood cont. 400) performed at continuous scale,
as depicted in Figure 3. The bio-crude yield from three feedstocks (wood, Algae Sp., and
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lignin) exhibited temperature-dependent variations. Notably, the highest bio-crude yield
(29%) was observed from Algae Sp. at 350 ◦C. Under subcritical conditions, all feedstocks
demonstrated higher bio-crude yields with lower solids compared to the supercritical
state. Interestingly, at supercritical conditions, both wood and Algae Sp. experienced a
6–7% decrease in bio-crude yield, while lignin exhibited a unique behavior, displaying
the lowest bio-crude yield of 7% and the highest solids content (35%). Earlier, Yong et al.
reported that SCW caused to depolymerize the lignin in a few seconds but resulted in
high char yield due to repolymerization of phenolics and aromatic intermediates at high
temperatures and long residence time [32]. The temperatures in the sub- and near-critical
region cause a decrease in the dielectric constant, density, and polarity of water. This, in
turn, accelerates hydrolysis reactions and enhances the solubility of hydrophobic organic
fractions. Despite these effects, there was no significant increase observed in bio-crude
yield in the supercritical state; however, the bio-crude HHV was improved fairly. This lack
of increase in bio-crude yield could be attributed to surpassing the threshold temperature
(critical point: 373.74 ◦C), leading to the conversion of bio-crude components into the
aqueous or gaseous phase. Under supercritical conditions, the lower solid yield resulted
from the conversion of heavier fragments into lighter ones through cracking reactions.
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If we consider bio-crude yield as the focal point of the discussion, it is noteworthy
that Algae Sp. exhibited the highest bio-crude yields in the subcritical state, potentially
attributed to the higher presence of proteins. These proteins undergo facile hydrolysis into
water-soluble amino acids under high-temperature conditions. Subsequently, amino acids
further degrade into gaseous products, such as carbon dioxide and ammonia, through
processes like decarboxylation and deamination, respectively [33]. This outcome aligns
with findings by Toor et al., who liquefied microalgae within the temperature range from
300 to 375 ◦C, noting a peak yield at 350 ◦C [34]. On the other hand, the lower bio-crude
yield at the supercritical state can be attributed to the diminished lipid content. This aligns
with the observations made by Vo et al., who reported that 400 ◦C is an optimal temperature
for microalgae with a higher percentage of lipids [28].

Wood exhibited a reasonable yield, attributed to the presence of catalysts (K2CO3),
which expedited the hydrolysis process by breaking down glycosidic bonds in carbohy-
drates. In the case of lignin, the catalyst demonstrated effectiveness at 350 ◦C, while its
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impact reversed under supercritical conditions, resulting in an excess of solids and a di-
minished bio-crude yield (7%). This phenomenon can be attributed to the accelerated
repolymerization reactions of phenolic compounds, especially in the presence of higher
temperatures beyond the critical point (374 ◦C) and alkali catalysts.

Further, two sets of experiments were performed at a semi-continuous scale to obtain
comparative results between batch and semi-continuous scales. Wood showed slightly
higher bio-crude than at a batch scale with yields of 31 and 23% at 350 and 400 ◦C, respec-
tively. The solids were detected in extremely negligible amounts that could not be measured
and hence are not reported here. Upon broader examination, it becomes extremely difficult
to compare these results, as batch and semi-continuous scales cannot be identical due to
pressure variations, retention times, and product separation techniques. These factors can
greatly alter bio-crude and solid yields bio-crude. Secondly, semi-continuous experiments
were only conducted on wood, not on Algae Sp. and hydrolysis lignin; the details are
already provided in Section 2.2.

3.3. Quality of Bio-Crude

In all bio-crudes, reasonable values of carbon were detected from 72 to 83%, as pro-
vided in Table 2. Higher carbon content was observed in the wood and lignin bio-crudes
under supercritical conditions. This can be supported by lower carbon in wood and lignin
aqueous phases as discussed in Section 3.6. This phenomenon can be attributed to the
accelerated kinetic reaction rates facilitated by elevated temperature and pressure. These
conditions promote a more extensive disintegration of carbon rings, resulting in an in-
creased enrichment of carbon in the bio-crude phase. Earlier, Jensen et al. explored the
interaction of supercritical water with lignocellulosic biomass. They found that water’s
chemical properties are directly linked to density and indirectly affected by pressure and
temperature, a phenomenon they named as Hydrofaction [35]. Higher nitrogen around 6%
was detected in Algae Sp. bio-crude due to the cleavage of peptide linkages and deamina-
tion, which imparts substantive nitrogen in the bio-crude. The HHVs across all samples
ranged from 33 to 36 MJ/kg. Ash content was determined through Thermogravimetric
Analysis (TGA), involving heating the bio-crudes at 800 ◦C in an oxygen environment.
Generally, the bio-crudes exhibited low ash content (from 0.13 to 2.2%), except for those
derived from lignin, which displayed higher ash content, specifically 15.30% and 12.65% at
sub- and supercritical temperatures, respectively.

In summary, supercritical conditions yielded lower bio-crude quantities compared
to subcritical conditions but enhanced the bio-crude quality. The notable H/C ratio (1.15
to 1.56) suggests that the liquefaction process directed a greater amount of carbon and
hydrogen to the bio-crude by releasing oxygen to the gas phase through reactions such
as decarboxylation and dehydration. However, the H/C values still fell below those
of petroleum crude (H/C: 1.84), indicating the need for bio-crude upgrading through
hydrotreatment.

Table 2. Elemental composition of bio-crude.

Samples C (%) a H (%) a N (%) a O (%) a,b H/C HHV
(MJ/kg) c Ash (%) Water Content

(%)

Wood 350 77.76 7.45 0.72 14.07 1.15 33.43 2.22 5.93
Wood 400 82.50 7.97 0.75 8.79 1.16 36.15 1.21 4.21

Algae Sp. 350 77.16 10.01 6.06 6.78 1.56 36.26 1.15 4.59
Algae Sp. 400 77.77 9.76 6.45 6.03 1.51 36.22 0.13 6.11

Lignin 350 72.03 7.23 1.15 19.60 1.20 30.62 15.30 5.54
Lignin 400 79.96 7.91 1.07 11.07 1.19 34.95 12.65 6.54

Wood Cont. 350 73.23 7.26 0.44 19.08 1.19 31.19 0.75 9.44
Wood Cont. 400 77.69 7.81 0.65 13.87 1.21 33.83 1.16 8.51

a Dried ash-free basis; b Oxygen calculated by difference; c HHV calculated by the Channiwala and Parikh
correlation.
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Water content in the bio-crudes was determined by Karl Fischer method. On average,
from 4 to 6% of water was recovered in bio-crude despite trying best to separate the product.
Slightly higher water content was found in both Wood Cont.-derived bio-crude; this is
obvious, as no extraction solvent was used to separate the bio-crude and aqueous phase,
rather it was carried out through density separation method.

To assess the volatility of bio-crude, Thermogravimetric Analysis (TGA) was con-
ducted under a nitrogen atmosphere, spanning temperatures from 30 to 800 ◦C, as illus-
trated in Figure 4. The bio-crudes derived from Lignin 350 and Wood Cont. 350 exhibited
the highest heavy residue, measuring 40% and 33%, respectively. Except for Wood 350,
Lignin 350, and Wood Cont. 350, nearly all bio-crudes manifested approximately 50%
volatile components within the 350 ◦C temperature range. This interval indicates the
presence of valuable compounds that can be converted into gasoline, diesel, and jet fuel
through thermal distillation.

In this temperature range, both Algae Sp. bio-crudes displayed exceptional volatility,
with nearly 70% volatile fragments. At an extreme temperature of 800 ◦C, supercritical
conditions resulted in a lower amount of heavy residue compared to the subcritical state.
This phenomenon may be attributed to the elevated temperature causing the disintegration
of heavier fragments, which are then transferred to the bio-crude.
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3.4. Compounds Composition of Bio-Crude

To analyze the organic composition of the bio-crude, GCMS analysis was conducted at
a temperature of 300 ◦C. Due to temperature constraints, GCMS provided partial informa-
tion compared to TGA. The detected compounds were classified into Ketones, Acids and
Esters, Aromatics, Hydrocarbons, N-containing compounds, and Alcohols and Aldehydes,
as illustrated in Figure 5. Relative percentages of each compound were calculated based
on the total area covered by all compounds in a particular bio-crude sample. Detailed
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information, including the retention time and percentage of peak area, can be found in
Supplementary Table S1.

No distinct regular trend was observed in the compounds. However, all lignocellulosic
feedstocks exhibited a higher percentage of phenolic compounds at both 350 and 400 ◦C,
such as Phenol, 2-methyl-, Phenol, 3-ethyl-, Creosol. This observation can be attributed to
the chemical composition of wood and hydrolysis lignin.

Algae Sp.-derived bio-crude at both 350 and 400 ◦C showed a higher presence of
nitrogen-containing compounds, specifically N-heterocyclic compounds, and amides. N-
heterocyclic compounds were formed through the Maillard reaction between amino acids
(proteins) and polysaccharides (carbohydrates). On the other hand, amides like dode-
canamide, N-methyldodecanamide, and 9-octadecenamide- (Z) originated from the decar-
boxylation and amination of the monomers of carbohydrates containing nitrogen in the
ring structure [36].

It is always difficult to explore the exact reaction pathway of these compounds due
to the occurrence of various reactions at the same time. However, we could speculate
through their reaction chemistry as the ketones (2-butanone, 2-pentanone, 4-hydroxy-4-
methyl-, 2-cyclopenten-1-one, 2-methyl-) are produced from the hydrolysis and dehy-
dration of polysaccharides. Aromatic compounds like phenols and their derivates are
primarily originated from the lignin and repolymerization of the long-chain compounds
from carbohydrates [37]. Acids and esters were placed in a single category like acetic acid,
2,5-octadecadiynoic acid, methyl ester, oleic acid, eicosyl-ester, might be originated from
hydrolysis of carbohydrates and subsequent oxidation of ketones or aldehydes [38]. Long-
chain hydrocarbons such as (2-octene, octadecane, 3-ethyl-5-(2-ethylbutyl) are produced
from the decarboxylation of carboxylic acids [39].

The GCMS results show that the bio-crude contained almost 70–80% of the hetero-
atoms, specifically the oxygen and nitrogen. Therefore, the removal of these atoms is very
important to improve the quality bio-crude via adopting cost-effective hydrotreatment
techniques.
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3.5. Analysis of Solid Residue

The elemental analysis was conducted for solid residue as provided in Table 3. Higher
values of carbon in the range of 71–83% were noticed in all lignocellulosic samples at both
conditions, which resulted in an increase in HHVs of the samples. The ash contents in the
solids were detected through furnace method by heating the samples at 750 ◦C for four
hours. A higher amount of oxygen was detected in solid samples of Algae Sp. at both
conditions; this might have been due to the presence of a higher amount of ashes in the form
of oxides. The H/C ratios for solids were lower than bio-crude, which implies that a higher
amount of hydrogen transferred to the bio-crude phase. The elemental values for Wood
Cont. samples are not mentioned here, as these were not available in sufficient amount
for analysis. Higher HHVs from solids of lignocellulosic feedstocks (25 to 31 MJ/kg)
showed that these solids have the potential to be used as heating source. Moreover,
biochar derived from HTL holds substantial significance due to its diverse applications.
Primarily, it functions as a highly effective soil amendment, elevating fertility by enhancing
nutrient retention, cation exchange capacity, and water retention [40]. Furthermore, biochar
aids in carbon sequestration, offering a stable carbon storage solution in the soil, thereby
contributing to climate change mitigation. Its utility extends to livestock management,
contaminated site remediation, and water filtration, making it a versatile solution with
far-reaching environmental implications [41].

Table 3. Elemental values for solid residue.

Samples C (%) a H (%) a N (%) a O (%) a,b H/C O/C HHV (MJ/kg) c Ash (%)

Wood 350 77.15 4.11 0.18 18.58 0.64 0.18 29.08 20.12
Wood 400 83.95 4.01 0.14 11.90 0.57 0.11 31.97 11.27

Algae Sp 350 32.08 2.58 1.94 63.41 0.97 1.48 7.28 26.15
Algae Sp. 400 28.00 1.01 1.34 69.66 0.43 1.87 3.56 29.37

Lignin 350 71.76 2.92 1.34 23.99 0.49 0.25 25.24 22.76
Lignin 400 79.63 4.48 0.63 15.27 0.67 0.14 30.63 17.34

a Dried ash-free basis; b Oxygen calculated by difference; c HHV calculated by the Channiwala and Parikh
correlation.

3.6. Analysis of Aqueous Phase

The aqueous phase was characterized through the values of TOC, TN, and pH, as
illustrated in Figure 6. The Algae Sp. aqueous phase exhibited elevated TOC values at
both temperatures. This correlation could be associated with the higher bio-crude yields
of these samples. During the hydrolysis of organics, the organic matter initially dissolves
in water, transforming into bio-crude through repolymerization at elevated temperatures.
Consequently, higher TOC values align with increased bio-crude yields, a phenomenon
further supported by the lower carbon content in the solid phase of both Algae Sp. samples.
Notably, Wood Cont. samples demonstrated elevated TOC levels (12 and 16 g/L) at both
temperatures.

This loss of carbon to the aqueous phase decreases the bio-crude yield and overall
effectiveness of the HTL processing. Over the years, the researchers have tried to valorize
the aqueous phase through different ways: (1) a high TOC-containing aqueous phase can
be used as suitable medium for the biogas production through anaerobic digestion [42], or
(2) it can be utilized for the syngas production via hydrothermal gasification [43,44]. (3)
From the HTL perspective, the recirculation of aqueous phase back to the HTL unit with
the slurry is a very popular approach [45–48]. The first and second options require the
integration of HTL with other facilities; as a result, they would undermine the sustainability
of HTL processing to be stand alone. However, the third option seems to be viable, as it
does not require any integration and saves the cost of fresh water in the process of slurry
preparation, particularly in the case of lignocellulosic biomass.
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The higher amount of TN was noticed from Algae. Sp. samples (11 and 13 g/L); this
was evident due to the hydrolysis of proteins containing nitrogen compounds. Here, the
analysis of GCMS of aqueous was not conducted; however, the previous studies have
reported that the presence of N-heterocyclic compounds is the major reason for the higher
nitrogen in the aqueous phase, whereas high-TN-containing aqueous phase often contains
nutrients such as nitrogen and phosphorus, which are essential for plant growth. It can
be used as a nutrient-rich water source for irrigation in agriculture, providing an environ-
mentally friendly alternative to synthetic fertilizers. This nutrient-rich aqueous phase can
be further processed to concentrate and extract valuable nutrients. These concentrated
solutions can then be used as biofertilizers, promoting sustainable and organic agricultural
practices [49]. The pH levels range from 5.5 to 9.1. In all samples, the presence of an alkali
catalyst (K2CO3) ensures that pH values remain in the alkaline or neutral range, except
for Wood Cont. 350, which has a pH of 5.5. This deviation might be attributed to a higher
concentration of H+ ions in the form of acids and esters.

4. Conclusions

In this study, the HTL of three different feedstocks—wood, microalgae (Algae Sp.),
and hydrolysis lignin—was conducted at sub-supercritical conditions (350 and 400 ◦C).
Six experiments were conducted on a batch scale. The homogenous catalyst (K2CO3)
was added with lignocellulosic materials, wood and hydrolysis lignin, whereas Algae Sp.
was liquefied without catalyst. Results revealed that the subcritical temperature (350 ◦C)
showed higher bio-crude yields from all feedstocks than supercritical conditions. The
maximum bio-crude yield was observed by Algae Sp. (29.53%) followed by wood (26.76%)
and lignin (24.31%). Conversely, higher values for HHVs for bio-crude and higher amount
of volatile matter were detected at supercritical temperature (400 ◦C). To get the comparison
between batch and continuous ones, the two experiments were conducted on wood in
a Continuous Stirred Tank Reactor (CSTR) at 350 and 400 ◦C. Wood Cont. experiments
showed the same trend of bio-crude yield at both temperatures as that of batch ones.
The aqueous phase had a range of TOC from 7 to 22 g/L. A higher amount of TN was
measured in Algae Sp., ranging from 11 to 13 g/L. Building on these findings, it appears
that opting for subcritical HTL at lower temperatures holds advantages, while supercritical
HTL demonstrates elevated HHVs. Therefore, navigating the selection of the optimal
condition for bio-crude production presents a considerable challenge. This study could
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be proved instrumental for the scale-up of HTL to a commercial level, especially when
utilizing aforementioned feedstocks for bio-crude production.

5. Challenges and Recommendations for Future Prospective of HTL

After conducting the above experiments and extensive review of studies, it is evident
that HTL is a versatile process for treating diverse types of biomass. Despite its potential,
the technology is presently confined to the batch or pilot scale, highlighting the need to
address specific gaps hindering its broader technological advancement.

5.1. Temperature

Subcritical temperatures offer the advantage of creating gentler operating conditions
and demanding less energy input. However, this approach sometimes leads to incom-
plete conversion, especially with substances like lipids. In contrast, the supercritical state
promotes higher reaction rates, resulting in elevated HHVs and a more detailed compar-
ison of the yields and HHVs under subcritical and supercritical conditions is essential.
Nevertheless, the supercritical method has drawbacks, including higher costs, increased
energy requirements, and the formation of undesirable by-products. These by-products
may involve the transfer of a larger amount of carbon to the aqueous or gaseous phase,
consequently diminishing the bio-crude yield and overall economic feasibility of the HTL
process. Conducting a comprehensive techno-economic analysis becomes crucial to thor-
oughly analyze the differences in yields and HHVs under both subcritical and supercritical
conditions.

5.2. Feedstock

Lignocellulosic biomass is commonly used in an HTL, but it faces challenges such
as high biomass cost, deforestation, and difficulties in pumping. To address this, using
waste biomass like wheat straw or rice husks is a solution. Pumping can be improved
by adding substances like glycerol or mixing with other biomass like microalgae, it can
also be enhanced by reusing HTL-aqueous phase that can save the freshwater cost and
increase bio-crude productivity. However, studies present a drawback of recycling of
aqueous phase as it imparts higher nitrogen content in the bio-crude particularly from
high protein-containing feedstocks. This can pose challenges such as reducing the catalyst
lifespan and increasing the cost of hydrogen during hydrotreating [47]. Therefore, further
research is needed to assess the cost-effectiveness of bio-crude production through HTL
compared to nitrogen removal via hydrotreatment including catalyst cost. To establish a
reliable HTL process, it is crucial to precisely define performance parameters, including the
HHV of both feedstock and bio-crude, along with the yields of bio-crude on a dry ash-free
basis. Developing a distinct model for processing HTL products is highly recommended

5.3. Process Mode

After analyzing various studies on continuous HTL plants [2,50–53], it is advisable to
consider the benefits associated with specific plant reactor configurations. In cases where a
tubular configuration is employed, advantages such as the absence of moving parts and
ease of scalability become apparent. Additionally, utilizing a combination of reactor types,
such as a Continuous Stirred Tank Reactor (CSTR) and Plug Flow Reactor (PFR), can aid in
minimizing plugging issues and facilitating faster heat exchange. Implementing oscillating
flow can further enhance heat transfer efficiency. In continuous HTL processes involving
highly concentrated slurries, maintaining stable pumping is crucial for the technoeconomic
viability of the overall process. The choice of reactor material is a critical factor, and
careful attention must be given to selecting materials that align with the specific reaction
environment. When evaluating reactor materials, considerations for plant operating life
and cost should be judiciously assessed. Ghavami et al. [54] and Elhassan et al. [55]
compiled some pertinent studies, delving deeper into the operational challenges associated
with continuous HTL. The specific issues addressed encompassed process safety, plugging,
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corrosion, and catalyst deactivation. HTL product separation technique is also an important
aspect for the process economics; in batch experiments, solvents like acetone, ethanol, and
diethyl ether (DEE) are commonly utilized and their prolonged use can escalate the HTL
process cost. Gravimetric separation technique emerges as a more advantageous and
cost-effective choice for both pilot and commercial facilities.

5.4. HTL with Hydrotreatment (Taking as a Whole-Process Chain)

Broadening the research scope beyond biomass liquefaction to encompass bio-crude
upgrading processes, specifically focusing on deoxygenation and denitrogenation, is piv-
otal for comprehensive objectives. Special emphasis must be placed on the examination of
inorganic components in bio-crude, particularly metals, given their catalytic role, as they
significantly influence the design and feasibility of the upgrading stage. Quantitative as-
sessment of H2 consumption during the upgrading process, particularly in cases involving
external hydrogen sources, is indispensable. To ensure sustainability and cost-effectiveness,
it is imperative to explore methods for hydrogen production from HTL and renewable
energy sources like solar or wind. Paramount considerations include various strategies for
bio-crude upgrading, such as co-processing with fossil crude fractions in existing hydro
treaters, co-processing in fluid catalytic crackers, and the fractional distillation of bio-crude,
followed by the co-processing of individual fractional cuts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fuels5010005/s1, Table S1: GCMS of bio-crude.
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22. Pińkowska, H.; Wolak, P.; Złocińska, A. Hydrothermal decomposition of alkali lignin in sub- and supercritical water. Chem. Eng.
J. 2012, 187, 410–414. [CrossRef]

23. Belkheiri, T.; Andersson, S.-I.; Mattsson, C.; Olausson, L.; Theliander, H.; Vamling, L. Hydrothermal liquefaction of kraft lignin in
sub-critical water: The influence of the sodium and potassium fraction. Biomass Convers. Biorefin. 2018, 8, 585–595. [CrossRef]

24. Madsen, R.B.; Biller, P.; Jensen, M.M.; Becker, J.; Iversen, B.B.; Glasius, M. Predicting the Chemical Composition of Aqueous Phase
from Hydrothermal Liquefaction of Model Compounds and Biomasses. Energy Fuels 2016, 30, 10470–10483. [CrossRef]

25. Ross, A.; Biller, P.; Kubacki, M.; Li, H.; Lea-Langton, A.; Jones, J. Hydrothermal processing of microalgae using alkali and organic
acids. Fuel 2010, 89, 2234–2243. [CrossRef]

26. Zhang, J.; Chen, W.-T.; Zhang, P.; Luo, Z.; Zhang, Y. Hydrothermal liquefaction of Chlorella pyrenoidosa in sub- and supercritical
ethanol with heterogeneous catalysts. Bioresour. Technol. 2013, 133, 389–397. [CrossRef] [PubMed]

27. Liu, B.; Wang, Z.; Feng, L. Effects of reaction parameter on catalytic hydrothermal liquefaction of microalgae into hydrocarbon
rich bio-oil. J. Energy Inst. 2021, 94, 22–28. [CrossRef]

28. Vo, T.K.; Lee, O.K.; Lee, E.Y.; Kim, C.H.; Seo, J.-W.; Kim, J.; Kim, S.-S. Kinetics study of the hydrothermal liquefaction of the
microalga Aurantiochytrium sp. KRS101. Chem. Eng. J. 2016, 306, 763–771. [CrossRef]

29. Conti, F.; Toor, S.S.; Pedersen, T.H.; Nielsen, A.H.; Rosendahl, L.A. Bio-crude production and nutrients recovery through
hydrothermal liquefaction of wastewater irrigated willow. Biomass Bioenergy 2018, 118, 24–31. [CrossRef]

30. Zhu, Z.; Toor, S.S.; Rosendahl, L.; Yu, D.; Chen, G. Influence of alkali catalyst on product yield and properties via hydrothermal
liquefaction of barley straw. Energy 2015, 80, 284–292. [CrossRef]

31. Parikh, J.; Channiwala, S.; Ghosal, G. A correlation for calculating HHV from proximate analysis of solid fuels. Fuel 2005, 84,
487–494. [CrossRef]

32. Yong, T.L.-K.; Matsumura, Y. Reaction kinetics of the lignin conversion in supercritical water. Ind. Eng. Chem. Res. 2012, 51,
11975–11988. [CrossRef]

33. Leng, L.; Zhou, J.; Li, T.; Vlaskin, M.; Zhan, H.; Peng, H.; Huang, H.; Li, H. Nitrogen heterocycles in bio-oil produced from
hydrothermal liquefaction of biomass: A review. Fuel 2023, 335, 126995. [CrossRef]

34. Toor, S.S.; Reddy, H.; Deng, S.; Hoffmann, J.; Spangsmark, D.; Madsen, L.B.; Holm-Nielsen, J.B.; Rosendahl, L.A. Hydrothermal
liquefaction of Spirulina and Nannochloropsis salina under subcritical and supercritical water conditions. Bioresour. Technol. 2013,
131, 413–419. [CrossRef]

https://doi.org/10.1016/j.fuel.2017.07.054
https://doi.org/10.1080/15567036.2012.700996
https://doi.org/10.1016/j.supflu.2014.01.006
https://doi.org/10.3390/su15086698
https://doi.org/10.1007/s13399-023-03905-7
https://doi.org/10.3303/CET2294144
https://doi.org/10.3390/fuels3020020
https://doi.org/10.1016/j.biortech.2010.06.028
https://doi.org/10.1016/j.biotechadv.2011.05.005
https://doi.org/10.1016/j.biortech.2020.124569
https://www.ncbi.nlm.nih.gov/pubmed/33360949
https://doi.org/10.1016/j.indcrop.2022.116017
https://doi.org/10.1021/acs.energyfuels.8b00068
https://doi.org/10.1016/j.supflu.2016.12.015
https://doi.org/10.1016/j.apenergy.2018.06.142
https://doi.org/10.1016/j.fuel.2020.117534
https://doi.org/10.1016/j.cej.2012.01.092
https://doi.org/10.1007/s13399-018-0307-9
https://doi.org/10.1021/acs.energyfuels.6b02007
https://doi.org/10.1016/j.fuel.2010.01.025
https://doi.org/10.1016/j.biortech.2013.01.076
https://www.ncbi.nlm.nih.gov/pubmed/23454385
https://doi.org/10.1016/j.joei.2020.10.008
https://doi.org/10.1016/j.cej.2016.07.104
https://doi.org/10.1016/j.biombioe.2018.07.012
https://doi.org/10.1016/j.energy.2014.11.071
https://doi.org/10.1016/j.fuel.2004.10.010
https://doi.org/10.1021/ie300921d
https://doi.org/10.1016/j.fuel.2022.126995
https://doi.org/10.1016/j.biortech.2012.12.144


Fuels 2024, 5 89

35. Jensen, C.U.; Guerrero, J.K.R.; Karatzos, S.; Olofsson, G.; Iversen, S.B. Fundamentals of Hydrofaction™: Renewable crude oil from
woody biomass. Biomass Convers. Biorefin. 2017, 7, 495–509. [CrossRef]

36. Kruse, A.; Maniam, P.; Spieler, F. Influence of proteins on the hydrothermal gasification and liquefaction of biomass. 2. Model
compounds. Ind. Eng. Chem. Res. 2007, 46, 87–96. [CrossRef]

37. Singh, R.; Prakash, A.; Balagurumurthy, B. Hydrothermal liquefaction of agricultural and forest biomass residue: Comparative
study. J. Mater. Cycles Waste Manag. 2015, 17, 442–452. [CrossRef]

38. Zhu, Z.; Rosendahl, L.; Toor, S.S.; Yu, D.; Chen, G. Hydrothermal liquefaction of barley straw to bio-crude oil: Effects of reaction
temperature and aqueous phase recirculation. Appl. Energy 2015, 137, 183–192. [CrossRef]

39. Biller, P.; Sharma, B.K.; Kunwar, B.; Ross, A.B. Hydroprocessing of bio-crude from continuous hydrothermal liquefaction of
microalgae. Fuel 2015, 159, 197–205. [CrossRef]

40. Rizwan, M.; Murtaza, G.; Zulfiqar, F.; Moosa, A.; Iqbal, R.; Ahmed, Z.; Irshad, S.; Khan, I.; Li, T.; Chen, J.; et al. Sustainable
manufacture and application of biochar to improve soil properties and remediate soil contaminated with organic impurities: A
systematic review. Front. Environ. Sci. 2023, 11, 1277240. [CrossRef]

41. Ponnusamy, V.K.; Nagappan, S.; Bhosale, R.R.; Lay, C.-H.; Nguyen, D.D.; Pugazhendhi, A.; Chang, S.W.; Kumar, G. Review on
sustainable production of biochar through hydrothermal liquefaction: Physico-chemical properties and applications. Bioresour.
Technol. 2020, 310, 123414. [CrossRef]

42. Zheng, M.; Schideman, L.C.; Tommaso, G.; Chen, W.-T.; Zhou, Y.; Nair, K.; Qian, W.; Zhang, Y.; Wang, K. Anaerobic digestion of
wastewater generated from the hydrothermal liquefaction of Spirulina: Toxicity assessment and minimization. Energy Convers.
Manag. 2017, 141, 420–428. [CrossRef]

43. Watson, J.; Si, B.; Li, H.; Liu, Z.; Zhang, Y. Influence of catalysts on hydrogen production from wastewater generated from the
HTL of human feces via catalytic hydrothermal gasification. Int. J. Hydrogen Energy 2017, 42, 20503–20511. [CrossRef]

44. Watson, J.; Wang, T.; Si, B.; Chen, W.-T.; Aierzhati, A.; Zhang, Y. Valorization of hydrothermal liquefaction aqueous phase:
Pathways towards commercial viability. Prog. Energy Combust. Sci. 2020, 77, 100819. [CrossRef]

45. Hu, Y.; Feng, S.; Yuan, Z.; Xu, C.C.; Bassi, A. Investigation of aqueous phase recycling for improving bio-crude oil yield in
hydrothermal liquefaction of algae. Bioresour. Technol. 2017, 239, 151–159. [CrossRef] [PubMed]

46. Biller, P.; Madsen, R.B.; Klemmer, M.; Becker, J.; Iversen, B.B.; Glasius, M. Effect of hydrothermal liquefaction aqueous phase
recycling on bio-crude yields and composition. Bioresour. Technol. 2016, 220, 190–199. [CrossRef] [PubMed]

47. Shah, A.A.; Toor, S.S.; Seehar, T.H.; Nielsen, R.S.; Nielsen, A.H.; Pedersen, T.H.; Rosendahl, L.A. Bio-Crude Production through
Aqueous Phase Recycling of Hydrothermal Liquefaction of Sewage Sludge. Energies 2020, 13, 493. [CrossRef]

48. SundarRajan, P.; Gopinath, K.; Arun, J.; GracePavithra, K.; Joseph, A.A.; Manasa, S. Insights into valuing the aqueous phase
derived from hydrothermal liquefaction. Renew. Sustain. Energy Rev. 2021, 144, 111019. [CrossRef]

49. Leng, L.; Li, J.; Wen, Z.; Zhou, W. Use of microalgae to recycle nutrients in aqueous phase derived from hydrothermal liquefaction
process. Bioresour. Technol. 2018, 256, 529–542. [CrossRef]

50. Elliott, D.C.; Biller, P.; Ross, A.B.; Schmidt, A.J.; Jones, S.B. Hydrothermal liquefaction of biomass: Developments from batch to
continuous process. Bioresour. Technol. 2015, 178, 147–156. [CrossRef] [PubMed]

51. Ocfemia, K.S.; Zhang, Y.; Funk, T. Hydrothermal Processing of Swine Manure Into Oil using a Contineous Reactor System:
Development and Testing. Trans. ASABE 2006, 49, 533–541. [CrossRef]

52. Jatoi, A.S.; Shah, A.A.; Ahmed, J.; Rehman, S.; Sultan, S.H.; Shah, A.K.; Raza, A.; Mubarak, N.M.; Hashmi, Z.; Usto, M.A.; et al.
Hydrothermal Liquefaction of Lignocellulosic and Protein-Containing Biomass: A Comprehensive Review. Catalysts 2022, 12,
1621. [CrossRef]

53. Anastasakis, K.; Biller, P.; Madsen, R.B.; Glasius, M.; Johannsen, I. Continuous Hydrothermal Liquefaction of Biomass in a Novel
Pilot Plant with Heat Recovery and Hydraulic Oscillation. Energies 2018, 11, 2695. [CrossRef]

54. Ghavami, N.; Özdenkçi, K.; Salierno, G.; Björklund-Sänkiaho, M.; De Blasio, C. Analysis of operational issues in hydrothermal
liquefaction and supercritical water gasification processes: A review. Biomass Convers. Biorefin. 2023, 13, 12367–12394. [CrossRef]

55. Elhassan, M.; Abdullah, R.; Kooh, M.R.R.; Chau, Y.-F.C. Hydrothermal liquefaction: A technological review on reactor design and
operating parameters. Bioresour. Technol. Rep. 2023, 21, 101314. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s13399-017-0248-8
https://doi.org/10.1021/ie061047h
https://doi.org/10.1007/s10163-014-0277-3
https://doi.org/10.1016/j.apenergy.2014.10.005
https://doi.org/10.1016/j.fuel.2015.06.077
https://doi.org/10.3389/fenvs.2023.1277240
https://doi.org/10.1016/j.biortech.2020.123414
https://doi.org/10.1016/j.enconman.2016.10.034
https://doi.org/10.1016/j.ijhydene.2017.05.083
https://doi.org/10.1016/j.pecs.2019.100819
https://doi.org/10.1016/j.biortech.2017.05.033
https://www.ncbi.nlm.nih.gov/pubmed/28521224
https://doi.org/10.1016/j.biortech.2016.08.053
https://www.ncbi.nlm.nih.gov/pubmed/27567480
https://doi.org/10.3390/en13020493
https://doi.org/10.1016/j.rser.2021.111019
https://doi.org/10.1016/j.biortech.2018.01.121
https://doi.org/10.1016/j.biortech.2014.09.132
https://www.ncbi.nlm.nih.gov/pubmed/25451780
https://doi.org/10.13031/2013.20408
https://doi.org/10.3390/catal12121621
https://doi.org/10.3390/en11102695
https://doi.org/10.1007/s13399-021-02176-4
https://doi.org/10.1016/j.biteb.2022.101314

	Introduction 
	Materials and Methods 
	Collection of Feedstocks and Their Analysis 
	HTL Experiments 
	Analysis of HTL Products 

	Results and Discussion 
	Feedstock Characterization 
	Yield of HTL Products 
	Quality of Bio-Crude 
	Compounds Composition of Bio-Crude 
	Analysis of Solid Residue 
	Analysis of Aqueous Phase 

	Conclusions 
	Challenges and Recommendations for Future Prospective of HTL 
	Temperature 
	Feedstock 
	Process Mode 
	HTL with Hydrotreatment (Taking as a Whole-Process Chain) 

	References

