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A B S T R A C T

Developing technologies to harness biomass energy is essential for the transition to a low-carbon economy.
Emerging biorefineries, where biomass energy is converted via thermochemical processes like Hydrothermal
Liquefaction (HTL), could be at the core of this transition. This review offers a comprehensive analysis of biomass
Hydrothermal Processes (HTP), emphasizing HTL as a sustainable approach to convert high-moisture, hetero-
geneous biomass—including municipal solid waste, lignocellulosic residues, and microalgae—into biofuels and
valuable bioproducts. This review examines the flexibility of feedstocks suitable for hydrothermal processes,
including organic solid waste, food waste, and sludge, while critically assessing recent advances in reactor
design, as well as kinetic and phenomenological modeling. Additionally, to the best of our knowledge, this work
proposes the first strategies to model and simulate transport phenomena within HTL technology, capturing the
structural effects generated by the chemical reactions involved. The analysis identifies existing challenges in
understanding these processes, highlights research gaps, and proposes a roadmap for future studies. This road-
map integrates theoretical and experimental approaches aimed at accelerating the development of next-
generation biorefineries and supporting the shift towards a circular bioeconomy.

1. Introduction

Planet Earth is experiencing accelerating global warming [1] due to
the temperature rise caused by the greenhouse effect of emissions from
human activities accumulating in the atmosphere. One of the most im-
pactful activities is burning fossil fuels for energy, which releases mass
quantities of carbon dioxide from outside the natural carbon cycle. As a
result, the energy transition is an obligation as well as transforming the
global energy sector from fossil fuels to zero-net-carbon renewable en-
ergy resources [2] and adopting sustainable practices. However, this is a
highly challenging task given the lifestyles society is used to. The energy
sector is one of the largest emitters of greenhouse gases at 33,904.36
MtCO2e [3].

Lignocellulosic biomass can be a carbon-neutral alternative as an

energy source that enables the production of renewable hydrocarbon
fuels, heat, and energy worldwide. As a subset of lignocellulosic bio-
masses, residual biomasses have significant potential because residues
hold little economic value and, in many cases, are considered waste and
contribute to environmental pollution. Nevertheless, they could serve as
valuable feedstock for fuels via thermochemical, biochemical, chemical,
physical, and/or biological conversion processes.

Biorefineries will be crucial in sustainable biomass processing into
biofuels, biochemicals, and bioproducts. These facilities utilize
advanced conversion technologies to transform biomass into a diverse
range of valuable products, thus enhancing biomass utilization’s eco-
nomic viability and contributing environmental benefits [4]. Bio-
refineries integrate conversion processes to maximize biofuel and
bioproduct production, yield, and efficiency. The importance of
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biorefineries lies in their ability to reduce dependency on fossil fuels,
lower greenhouse (GHG) emissions, and contribute to a circular econ-
omy by converting waste materials into high-value products [5].
Developing and optimizing biomass conversion processes within bio-
refineries are critical for advancing renewable energy technologies and
achieving global sustainability goals. The increasing number of publi-
cations on hydrothermal processes requires more rigorous analysis to
understand more extensively the topics and critical factors being
investigated.

1.1. Bibliometric analysis

Looking for a global panorama of biomass thermochemical pro-
cesses, an analysis of the Scopus database engine was done. This bib-
liometric data was collected using this database from 1st Oct to Oct 11,
2024 and updated on January 1st, 2025. The initial search string was
title, abstract, and keywords (Biomass AND thermochemical AND pro-
cesses) in the last 20 years, resulting in 4316 documents. The search
phrase was adjusted to exclude standard review articles and unrelated
studies, targeting only original research articles. Additional terms like
“review,” “overview,” and “bibliometric” were added to the query in the
title, abstract, and keywords to filter out review articles that might be
included in the research articles. From 2004 to 2024, 3297 research
articles on biomass thermochemical processes were published. The
number of papers published each year gradually increased, reaching 303
last year and 345 in 2024. The United States, China, and India lead the
publication in this field.

More search strings were applied to limit the document types of the
research field to “hydrothermal,” “carbonization,” “liquefaction,” “gasi-
fication,” and “modeling and/or simulation.” Bibliometric maps were
constructed using these additional search strings in the Scopus database
through the VOSViewer software (version 1.6.20) [6]. In this study,
specific settings in VOSViewer were adjusted to suit the scope and scale
of the analysis, enabling the construction of network maps to visualize
the author’s keyword co-occurrence. This analysis, which included 5731
keywords, was streamlined by setting a minimum co-occurrence
threshold of 12 for keywords, resulting in 126. Fig. 1a–b illustrates the
keyword co-occurrence map based on occurrences; each node’s size
corresponds to the keyword’s frequency, and the connecting lines, or
links, indicate the extent of association between the terms [7]. This map
provides a macroscopic view of the topics in the research field, allowing
researchers to discern predominant areas of study and emergent trends.

In Fig. 1a, each cluster is represented by a distinct color: red, green,
blue, yellow, purple, and cyan. Cluster 1 (red) emphasizes the keyword
“pyrolysis” with a total strength of 1125, cluster 2 (green) focuses on
“biomass” with a 1578 strength, and Cluster 3 (blue) focuses on “bio-
fuel” with 278 total link strength. The keyword “thermochemical con-
version” is highlighted with 500 strengths in cluster 4 (yellow),
“biofuels” with 233 in cluster 5 (purple), and “bio-oil” with 351
strengths in cluster 6 (cyan). The prominence of “biomass” in the
keyword analysis underscores the use of biomass as the primary feed-
stock in this hydrothermal process to transform into valuable products.
These results are consistent with other studies on hydrothermal pro-
cesses (HTP) [8]. There is strong potential for utilizing HTP as an
alternative method for treating biomass with high moisture content.

Fig. 1b shows the overlay visualization model integrating a temporal
dimension. It assigns color gradients based on the average year of
occurrence for each keyword, as the recent trend in publications year of
keywords labeled in yellow. This temporal overlay facilitates under-
standing the evolution of research focus over time. The keywords
“hydrochar,” “hydrothermal carbonization,” and “numerical simula-
tion” provide insights into emerging trends within this field. In addition,
using keywords such as ’modeling’ or ’simulation,’ the search string
found 39 articles related to modeling or simulation in this field,
revealing a gap and possible challenges to overcome to study this pro-
cess on a small scale.

Despite scientific and technological advances, the industrial scale-up
of hydrothermal liquefaction (HTL) remains a work in progress. Pilot
and demonstration plants dominate the field, and efforts are ongoing to
address challenges such as ensuring high-pressure system stability and
managing feedstock variability. Industrial players emphasize increased
investment in reactor design, process optimization, and scalability to
achieve commercial deployment.

Several challenges hinder large-scale adoption, including high initial
capital costs for high-pressure reactors, corrosion issues caused by
extreme operating conditions, and regulatory uncertainties that require
consistent policy support [9]. From a scientific perspective, the
complexity of chemical reactions, interactions, and phenomena under
high-pressure conditions presents additional challenges. These com-
plexities limit the ability to track and measure these processes,
complicating efforts to build and validate models essential for scale-up.

Some pilot and semi-industrial HTL plants worldwide demonstrate
the feasibility of this technology. The Licella™Advanced Biofuels Plant
(Australia) operates the Cat-HTR™ platform, efficiently converting
biomass and plastic waste into biocrude and other valuable products
[10]. Steeper Energy (Denmark/Canada) employs the patented Hydro-
faction® process to process wood residues and agricultural waste into
biofuels [11]. Genifuel Corporation (USA), in collaboration with Pacific
Northwest National Laboratory (PNNL), has developed HTL systems for
converting wastewater sludge into biocrude [12]. Additionally, the
Sludge2Fuel plant (Fredericia, Denmark), stands as the first full-scale
HTL facility, processing sewage sludge into 1400 tonnes of biocrude
annually while addressing environmental challenges such as micro-
plastics and nutrient recovery [13].

Moreover, supportive policies and frameworks, such as the EU
Renewable Energy Directive and the Fit for 55 package [14], strongly
influence these hydrothermal technologies. Advanced biofuels derived
from hydrothermal processes are expected to play an important role in
meeting EU energy demands for transport by 2050, particularly in the
aviation and maritime sectors.

This review provides several novel contributions to the under-
standing and advancement of hydrothermal processes (HTP), especially
hydrothermal liquefaction (HTL) technology. Unlike previous reviews,
such as those by Usman et al. [15], that have addressed technological
advancements in HTL, with a particular focus on catalysts, aqueous
phase recycling, and the integration of machine learning to optimize
biomass conversion into biocrude and enhance its refining process.
Similarly, the review by Bao et al. [16] provides a detailed analysis of
operational parameters, reaction mechanisms, and catalytic control
methods in HTL, emphasizing their impact on product yields and char-
acteristics. Furthermore, Guirguis et al. [17] contribute by evaluating
and comparing predictive models for biocrude yields in HTL, identifying
the most accurate models for various biomass types and suggesting
improvements to enhance their applicability.

While all these studies are of high quality, they differ from our
manuscript in several important aspects. Notably, one of the main dis-
tinctions lies in the modeling and simulation of the HTL process. E.g.,
Guirguis et al. [17], conducted an in-depth exploration of various
chemical reaction models and mechanisms, focusing primarily on
intrinsic kinetics. However, this approach did not account for the sig-
nificant mass, energy, and momentum transport phenomena that are
important at both the particle and reactor scales, nor did it consider the
structural changes that occur during the process. In contrast, our
manuscript proposes, to the best of our knowledge, the first strategies to
model and simulate these transport phenomena within HTL technology
and to capture the structural effects generated by the chemical reactions
involved.

This work also highlights the flexibility of HTL and related hydro-
thermal processes, such as hydrothermal carbonization (HTC), in pro-
cessing a wide variety of feedstocks. It includes an analysis of 102
feedstock types, detailing their characteristics and main product yields
(as outlined in the supplementary information). Additionally, it
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Fig. 1. Keywords co-occurrence map based on occurrences in a) network visualization clustered by keyword categories and b) overlay visualization mode based on
average publication year.
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evaluates advancements in reactor design and modeling, identifies key
scientific and engineering challenges for optimizing hydrothermal
conversion processes, and proposes a comprehensive roadmap for future
research on integrating these technologies into biorefineries.

2. Feedstocks

HTP can handle a wider variety of feedstocks than pyrolysis because
they can process wet material directly. Different feedstocks, such as
lignocellulosic biomass from crops and waste, forestry residues, indus-
trial residues, sewage, animal residues, algae, and municipal solid waste
(MSW) [18] can be used in hydrothermal liquefaction because their high
humidity does not affect the process since it leverages their water con-
tent (see Fig. 2).

This work surveyed literature on 102 types of biomasses from various
sources grouped as lignocellulosic – plants, organic solid waste – OSW,
food, lignin, sludge, algae, and microorganisms – MO (Fig. 3). These
biomasses show a wide variability in their initial moisture contents,
ranging from 2.25 % to 95.7 % wt. (see Supplementary information).
When comparing HTL performance of these feedstocks, no apparent
correlation was identified between biocrude (BC) yield and initial
moisture content. In many cases, total solids content is not reported,
although available data range from 5 % to 95 %, in contrast to volatile
matter content, which mostly exceeded 68 %. The ashes content in the
evaluated biomasses was up to 37 %.

Variables such as fixed carbon, lignin, and protein present scattered
data and do not show a defined relationship. Lipids, proteins, and car-
bohydrates are detailed only in a few studies, which makes data analysis
difficult.

There is a very slight correlation between the initial heat value of
biomass and BC yield (R2 of 0.37 %, Root Mean Square Deviation
(RMSD) of 13.3 % as shown in Fig. S1), but it is not clear enough to be
used as a predictor with the data analyzed here. The calorific value of
raw materials reaches up to approximately 27 MJ/kg, while the values
in BC vary between 21.2 and 41.3 MJ/kg. Regarding the types of
biomass, lignin shows better performance in BC production, and algae,
due to their great diversity, show a wide range of performance (Fig. S3).
The use of organic cosolvents also has a positive effect, mainly

isopropanol-water mixtures (1:1) and acetone (Fig. S4). Water as a
solvent also presents a wide range of BC yield, perhaps due to the in-
fluence of other process parameters. However, water and ethanol show
better results in the BC heating value (Fig. S5).

The total solids content is not reported in all publications; a signifi-
cant trend was determined between this variable and hydrochar yield
(the higher the ST, the lower the hydrochar), with an R2 of 0.641 and
RMSD of 10.64 % (Fig. S2). No other characteristics or trends were
found in biochar. Unfortunately, the available information on gas and
Aqueous Phase (AP) yields are minimal compared to BC, which restricts
the ability to identify trends or develop regression models that predict
these yields based on the chemical characterization of biomasses.
Regression Trees are a promising type of model to estimate BC and other
primary product yields; these yields could be estimated based on carbon
- C, hydrogen - H, nitrogen - N, oxygen - O, moisture, heating value, and
ash content as input variables (predictors). Nevertheless, it collects
much more data from the literature, so this model type is viable. Also,
incorporating variables such as lipids, carbohydrates, and proteins could
improve the estimates, especially in feedstocks such as algae or food
waste rich in these components.

Other promising residual biomasses for hydrothermal processes
include those found in agriculture, forests, and food processing, which
are examples of low-value biomass sources. These biomass wastes come
from a variety of plants such as sugar cane (bagasse, sugarcane leaves,
and shoots), coconut (shells and fiber), rice (rice husk), corn (corn cob
and leaves), oil palm (empty fruit bunches, shells, fiber, and liquid
waste), wood (wood waste). These characteristics have been a focal
point of attention in recent years. Food waste is a significant pollution
problem and is difficult to manage today. The Food and Agriculture
Organization of the United Nations (FAO) estimates that around 1.05
billion tons of food were wasted (just considering household, food ser-
vice, and retail) in the world in 2022 [19]. Among these, the most
complex are those with a high moisture content due to their rapid
decomposition and generation of emissions; furthermore, water content
makes their transportation and disposal difficult. However, from an
optimistic viewpoint, these residues represent an opportunity to be
transformed into energy and valuable products through HTP, especially
HTL and HTC, where research has yielded promising results [20,21].

Fig. 2. Flexibility of the feedstock in hydrothermal processes.
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Fig. 3. Distribution of Carbon (a), Hydrogen (b), Nitrogen (c), and Oxygen (d) in the biomass types used in the hydrothermal process.

Table 1
Summary of dry biomass feedstocks.

Feedstocks Components (wt.% dry basis) Elemental compositions (wt.%) Reference

Cellulose Hemicellulose Lignin C H N S O

Sugarcane bagasse 43.6 33 21.8 46.6 5.9 0.1 0.1 43.5 [22]
Coffee husk 19–26 24–45 18–30 46.8 4.9 0.6 0.6 47.1 [23]
Spent coffee grounds 61.5 28 54.9 7.9 3.5 – 33.7 [24]
Rice husk 48.0 32.0 25.0 45.8 6.0 0.3 – 47.9 [25]
Cocoa bean shells 24–35 9–11 14.5–26.5 50.3 5.7 3.5 – 40.6 [26]
Cocoa pod 18–23 15 32.5 43.87 5.84 0.17 0.17 37.2 [27]
Corn stover 37.72 20.62 30.50 43.57 5.84 0.56 0.05 49.98 [28]
Poplar wood 52 16 23 47.04 5.60 0.91 – 43.20 [29]
Aspen wood 47.14 19.64 22.11 50.39 6.19 0.19 – 43.23 [30]
Pine 39.54 20.61 30.15 49.52 6.49 0.05 0.05 43.89 [30]
Beech wood 45.05 31.50 22.25 44.68 6.08 – – 49.24 [30]
Oakwood 38.10 23.00 32.00 45.60 4.30 – – 50.1 [30]
Food waste Protein Carbohydrate Lipid 48.9 6.2 3.4 1.5 39.7 [20]

21.4 52.8 20.5
Food waste 9.1 40.17 3.60 54.74 7.32 1.66 0.12 36.16 [31]
Food waste 16.4 46.5 15.8 48.0 7.2 2.8 0.3 37.7 [32]
Food waste 26.46 52.54 2.0 51.26 7.65 4.46 0.41 36.22 [33]
Algae
Nannochloropsis salina

27 13.5 19.7 55.9 7.8 2.8 2.8 23.3 [34]

Algae
Derbesia sp

21.6 10.4 26.90 73.0 7.5 6.5 0.7 10.6 [35]

MSW – – – 52.5 6.78 1.2 0.14 39.38 [36]
MSW – – – 33.50 4.60 1.2 0.12 – [37]

(-)data not provided, Protein, carbohydrate, and Lipid are in the same units as other Components (wt.% dry basis).
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The primary characterization of several example feedstocks is detailed
in Table 1.

Residual biomass is a significant environmental pollutant, particu-
larly in developing countries, where a considerable amount is either
deposited in landfills, burned, or dispersed in rural areas without proper
measures or treatments [38]. Globally, there is an annual residual
biomass supply of 100 billion metric tons, with MSW contributing 1300
million metric tons yearly [39] (Table 2).

MSW is an attractive rawmaterial for HTL due to its organic fraction,
mainly containing food waste with high humidity and heterogeneity. At
the same time, it presents many difficulties for its application in other
thermochemical processes requiring prior drying and perhaps densifi-
cation. For this reason, this work emphasizes MSW. This fraction in-
cludes household food waste (until 52 % wt. see Table 2), pruning from
gardens and parks, and waste generated in primary markets or super-
markets. The world generates 2.01 billion tons of MSW annually and it is
expected to grow to 3.40 billion tons by 2050. Currently, the contribu-
tion of high-income countries to the generation of MSW is approxi-
mately 33.4 %. The leading producers are East Asia and the Pacific with
23 %, Europe and Central Asia with 20 %, South Asia with 17 %, North
America with 14 %, Latin America and the Caribbean with 11 %, and
Africa with 15 % [40]. Among countries, waste generation is led by the
USA, China, and Germany with 265.2, 215.2, and 53.7 billion tons/year,
respectively, while Latin America and the Caribbean (LATAM) countries
such as Colombia, Chile, and Costa Rica report 12.1, 8.2, and 1.6 billion
tons/year, respectively [41].

The composition of MSW can vary significantly in each region
depending on its economic development, culture, and geographical
characteristics (Table 2). It is divided into different fractions: food,
garden, glass, paper and cardboard, plastics, wood, textiles, rubber and
leather, metals, and others. Upper-middle-income countries generally
have the highest percentage of waste in landfills, at 54 %. This rate
decreases in high-income countries down to 39 %, with 35 % of waste
diverted to recycling and composting and 22 % to incineration [40].

The composition of the MSW in the USA is largely paper and card-
board with 23.05 %, and food fractions with 21.59 %. A significant
fraction in the United Kingdom and Brazil is food, with 41.5 and 52 %,
respectively. LATAM generates from 52 to 75 % of the organic fraction
depending on the highest to lowest income countries; e.g., Colombia, an
upper-middle income country, generated approximately 14 million tons
of MSW in 2018 (rate of 0.77 kg/person/day), with up to 59% of organic
wed wastes [42]. These figures are evidence of the potential in these
regions for energy recovery by feasible techniques like HTP.

By analyzing differences in feedstock suitability—ranging from dry
lignocellulosic materials like wood chips and agricultural residues in
DTL to wet organic materials such as algae and sewage sludge in HTL—
Table 3 shows how each process could be optimized for different bio-
masses. The analysis also delves into the varying operating conditions,
such as temperature, pressure, and moisture content, and their impact

on the quantity and quality of the BC produced, thus providing insights
into the advantages and limitations of each method for specific biomass
types.

3. Thermochemical conversion processes

There are four main categories of processes (mechanical, biochem-
ical, chemical, and thermochemical) to transform organic materials into
biofuels and bioproducts. However, certain limitations must be noted.
Mechanical methods usually provide pretreatment, such as milling and
grinding, are energy-intensive, and often lead to high operational costs.
Additionally, these processes can produce undesirable by-products or
cause structural damage to feedstocks, thus reducing their effectiveness
in subsequent conversion steps [51]. Emerging combined mechanical
plus microwave methods offer improved efficiency but require advanced
infrastructure that may not be accessible in all regions [52]. Biochemical
methods, such as fermentation and enzymatic hydrolysis, are con-
strained by the high cost of enzymes [53], inefficiency in degrading
recalcitrant biomass due to their slow conversion rates [54], and their
efficiency is highly dependent on the type of biomass, with significant
variability in yield [55]. Chemical processes, such as acid hydrolysis and
transesterification, are effective in breaking down biomass but present
notable challenges as the use of strong acids or bases generates haz-
ardous waste, requiring careful handling and disposal [56], catalysts are
expensive, and they can degrade over time [57,58], thus requiring
frequent replacement or regeneration. The chemical composition of
different biomass sources affects reaction efficiency and product quality
[59].

Unlike previous methods, thermochemical processes—which
encompass several types that will be detailed later—can efficiently
handle a wide range of feedstocks, including wet and lignocellulosic
biomass, without requiring extensive pretreatment. These processes do
not depend on expensive enzymes or microorganisms, and their high
operating temperatures and/or pressures enable rapid conversion,
significantly reducing processing time [60,61]. Furthermore, thermo-
chemical processes produce a variety of valuable outputs, such as bio-
fuels, syngas, and biochar, offering multiple pathways for energy and
material recovery. Despite these advantages, challenges remain,
particularly in achieving efficient scale-up, product separation, and
economic feasibility, which are areas of ongoing scientific research.

Moreover, moisture content affects the degree of contact between
water and biomass during the reaction, thereby affecting the reaction
rate and product yield of biomass. Water provides a favorable envi-
ronment (low dielectric constant, high ion product) for organic chemical
reactions. The moisture content of biomass is a crucial factor influencing
reaction rate, product distribution, and energy efficiency. One of the key
advantages of HTP over other thermochemical conversion processes,
such as pyrolysis, is its capability to process wet biomass feedstocks
directly without extensive drying. This feature significantly reduces
energy and costs associated with preprocessing steps required by other
conversion technologies.

Thermochemical conversion processes have regained attention,
driven by the need to meet rising global energy demands and address
environmental concerns associated with conventional fossil fuel pro-
duction and use (Fig. 4).

The primary thermochemical conversion methods include torre-
faction, gasification, and combustion. Fast pyrolysis and HTPs are
considered advanced technologies. The main objective of these is to
produce liquid intermediates, often called BC or bio-oil (BO), to feed
downstream processes in the biorefinery that produces finished fuels
and chemicals [62].

3.1. Fast pyrolysis

Fast Pyrolysis operates at high temperatures (typically 500–650 ◦C)
and high heating rates (up to 1000 ◦C/s), with very short residence times

Table 2
MSW composition: Global [40], USA [43], London [38], Brazil [44], LATAM,
and Colombia [42].

Fraction Composition [% wt.]

Global USA UK Brazil LATAM Colombia

Food 44 21.59 41.5 52 52–75 59
Garden (green) – 12.7
Glass 5 4.19 4.1 – 2–5 2
Paper and cardboard 17 23.05 10.4 10 5–16 9
Plastics 12 12.20 8.9 16 7–12 13
Wood 2 6.19 0.6 5 – –
Textiles, rubber, and

leather
2 8.96 1.2 – –

Metals 4 8.76 0.9 17 2–8 1
Others 14 15.06 19.7 12–16 16

(-)data not provided.
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of less than 2 s [63,64]. This rapid process causes the organic matter to
decompose quickly, producing mostly vapors and aerosols and maxi-
mizing the yield of liquid BO. Smaller quantities of biochar and syngas
are generated [64], and the BO can be used directly as a renewable fuel
for certain applications or upgraded to higher-value chemicals and/or
transportation fuels.

3.2. Hydrothermal processes (HTP)

HTPs are advanced thermochemical conversion techniques that use
water’s unique properties at elevated temperatures and pressures to
convert biomass and other organic materials into liquids, solids, and gas

products. Unlike conventional thermal processes like pyrolysis or gasi-
fication, HTPs utilize water as both solvent and reaction medium [65].
This makes them particularly effective for wet biomass feedstocks,
eliminating energy-intensive drying steps.

Water’s properties under hydrothermal conditions—such as density,
dielectric constant, and ionic product—change significantly, enabling it
to act as a powerful solvent and catalyst [66]. For instance, water’s ionic
product increases by several orders of magnitude, facilitating acid- or
base-catalyzed reactions without adding catalysts [67]. These altered
properties allow water to hydrolyze, depolymerize, and solubilize
complex organic molecules, resulting in the efficient conversion of
feedstocks into target products such as BC, hydrochar, and gases.

Table 3
Comparison of products from various feedstocks processed by HTP.

Feedstock Process and Conditions Catalyst BC Yield
(%)

Gas Yield
(%)

Aqueous Phase
(%)

Hydrochar
(%)

HHV (MJ/
kg)

References

Microalgae
Xw: 80 %

DTL
T: 350 ◦C
Pi: 2 MPa
Pf: 20.6 Mpa
HR: ~3.3 ◦C min− 1

time: 60 min

– 40.7 19.2 31.9 6.7 34.21 [45]

Kraft Lignin HTL
T: 280 ◦C time: 30 min
IPA-water co-solvent

10Ni–3Ti/
γ-Al2O3

65–74.8 17–20 – ~8 27.2–31.1 [46]

Alkali Lignin HTL
T: 280 ◦C time: 30 min
400 rpm

syn-10Cu-5Zn/
γ-Al2O3

74.7 3.5–5.5 – 19.7 ~36.4 [47]

Black Liquor HTL
T: 250–400 ◦C
P: 7.5–21 Mpa time:
15–60 min

NaOH, KOH 52.6–57.7 ~13 20–30 29.1–34.1 – [48]

Diatom Biomass HTL
T: 300 ◦C
P: 40 bar time: 30 min

K2CO3 (10 % w/
w)

22 – – – ​ [49]

Fecal Sludge (FS) and Organic
Solid Waste (OSW)

HTL
T: 320 ◦C
P:10–12 MPa time: 60
min
Water-Ethanol (1:1)

– 32.7–44.6 28–32.5 – 25.8–39.3 37.5 [50]

*Xw: moisture, Pi: initial pressure, Pf: final pressure, T: temperature, HR: heating rate of the heater, Gas: Non-condensable gases. (-)data not provided.

Fig. 4. Scheme of biomass conversion processes into energy and bioproducts.
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4. Principles of hydrothermal processes

HTPs are thermochemical conversion techniques at high tempera-
tures and pressure exceeding saturation. At these conditions, the phys-
icochemical properties of water, such as density, dielectric constant, and
ionic product are altered, and this reactivity can induce feedstock re-
actions to result in the production of liquids, solids, and gasses [65]
(Fig. 5). These processes are subdivided according to the operating
conditions of pressure and temperature as well as the desired product
yields in HTC, HTL, Hydrothermal Gasification (HTG), and Supercritical
Liquefaction (SL) [65].

4.1. HTP classification

4.1.1. Hydrothermal carbonization (HTC)
HTC converts biomass in the presence of water into solid biofuel,

liquid, and gaseous products. It is a low-energy alternative for trans-
forming waste of different origins compared to pyrolysis processes
because it has a relatively low operating temperature moderate pressure
(Fig. 7), and residence time. However, separating solid and liquid
products and drying the solid phase for further use is a disadvantage
[68].

HTC is relatively new and turns water-soluble and water-insoluble
carbon fractions into insoluble carbonaceous solids (biochar) over
hours at temperatures between 150 and 200 ◦C. Under supercritical
upgrading, heavy oils are changed into lighter oils in minutes between
300 ◦C and 500 ◦C [69]. This process requires lower energy expense than
conventional carbonization and allows for a higher product yield in less
time [70]. Fig. 6 illustrates the HTL process, highlighting the production
of liquids (aqueous extract and BC), solids (hydrochar), and gaseous
by-products.

4.1.2. Hydrothermal liquefaction (HTL)
HTL is similar to solvent liquefaction, but water is used instead of the

organic solvent and transforms feedstocks into a more energy-dense BC
than the one typically obtained by biomass pyrolysis. This process oc-
curs in a closed reactor, devoid of oxygen, through pressurization with
inert gases like N2 or He or reducing gases such as H2 or CO (the reactor
pressure must meet or exceed the saturated pressure) [71]. Usually, the
reaction pressure is not controlled in the process and is autogenic, with
the saturation vapor pressure of water (subcritical water) corresponding

to the reaction temperature. Typically, water is used as a solvent and
reaction medium under conditions close to critical, although an organic
solvent like ethanol can also be utilized. The resulting products of this
process consist of two liquid phases: BC (organic phase), aqueous extract
(AP), and hydrochar (solid), and gasses (gas phase) [72], usingmoderate
temperatures (200–400 ◦C) and elevated pressures (10–25 MPa) under
inert gases like nitrogen (N2) or helium (He) [73,74]. A shared charac-
teristic among the three processes is the forming of aqueous products
due to water’s involvement in all pathways [71]. HTL is a promising
thermochemical method to generate intermediates for advanced bio-
fuels, especially from biomasses with high moisture content, such as
sewage sludge, MSW, and waste from the food or agricultural industry,
with minimal treatments. A distinct advantage of HTL is avoiding the
drying requirement for wet feedstock demanded by other processes.

HTL offers advantages over other thermochemical processes due to
its higher rate of conversion reactions, elimination of mass transfer
limitations, better heat transfer characteristics, and reduction in solid
residue yield [75]. By using solvents under conditions close to their
critical point, their viscosity and density decrease; therefore, diffusion
increases and facilitates mass transfer. The performance of the process
depends on both the parameters and the characteristics of the raw ma-
terial, as well as the state of the reactor. Major components such as
lipids, proteins, and carbohydrates significantly affect the reaction
mechanisms and kinetics, and eventually, some modifications in reactor
design may be required [75].

4.1.3. Hydrothermal gasification (HTG)
HTG operates in the supercritical water region, as shown in Fig. 7,

where water acts as a unique solvent, catalyst, and reactant, enhancing
biomass breakdown into syngas [65,76]. Syngas is the main product,
primarily composed of carbon monoxide, methane and hydrogen [65,
77]. This technology is also flexible with several feedstocks, e.g., HTG of
algae, at 460 ◦C and 27 Mpa, catalyzed with the hydrochar to maximize
the H2 production (9.63 mmol/g) [78], and co-hydrothermal gasifica-
tion (co–HTG) at 650 ◦C and 30Mpa to promote H2, CH4 formation [79].

4.1.4. Supercritical Liquefaction (SL)
SL converts biomass into liquid biofuels using solvents at conditions

above critical point (see Fig. 7) as a subset of solvent liquefaction. The
solvents used are typically water, ethanol, or methanol. E.g., supercrit-
ical water (scH2O) operates at 374 ◦C and 22.39 MPa [80], while

Fig. 5. Products from the hydrothermal processes.
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supercritical ethanol (scEtOH) operates at 240 ◦C and 6.3 MPa [81].
Under these conditions, the solvent exhibits unique properties, such as
increased solvation power and enhanced reactivity, where distinct
liquid and gas phases no longer exist. This enhances mass and heat
transfer, leading to faster reaction rates. This technology offers flexi-
bility for various biomass or plastic feedstocks and product targets [82],
the potential for high product yields, the ability to process wet biomass,
and reduced char formation. However, due to the extreme process
conditions, high energy consumption is required and can cause corro-
sion issues in reactor systems.

The above HTL, SL, and HTG processes are achieved using super-
critical or near supercritical water temperatures and pressures as the
phase diagram of water (Fig. 7), which displays its triple point and
critical point. HTL is usually practiced in a small window slightly above
the vapor-liquid co-existence curve or at pressures somewhat higher
than the critical pressure of water (221 bar). The environment is
generally more reactive as temperature rises and pressures above water
vapor pressure are applied. With an increase in the severity of the re-
action, different types of HTP are possible, as shown in Fig. 7. The HTL
process parameters initiate reactions of the feed material, which will be

extensively discussed in the next section. Process parameters that affect
the outcome include total solids content (TS), holding temperature,
heating rate (β), retention time (RT), pressure, and the utilization of
reducing gases and catalysts (25).

Considering the variability of feedstocks that can be processed in
HTL and their characteristics, it is essential to highlight the long-term
permeability of a suspension with a high concentration of suspended
solids as one of the main obstacles to HTL in continuous reactors [84,
85]. Many studies have been carried out on microalgae, and there is a
need to optimize conditions for the practical viability of the liquefaction
process. Prestigiacomo et al. [86] investigated the transfer of HTL from
digested sewage sludge from batch reactors to continuous reactors,
characterized by suspensions with solid particles that obstruct pumping
systems, which limits its industrial application. Thus, xanthan gum,
HCOOH, and KOH were used as homogenizers to prevent the precipi-
tation of particles, resulting in improvements in performance, BC qual-
ity, and the reduction of solid waste. HTL also offers the possibility of
deriving valuable organic chemicals from Kraft black liquor, a chal-
lenging waste to manage. However, it has been shown that the influence
of sulfides in the black liquor (sulfur and sulfide) must be considered for

Fig. 6. Illustrative diagram of the HTL process.
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HTL treatment and subsequent processes. This is because sulfur bound to
inorganic molecules actively participates in reaction pathways and is
partially converted into organic sulfur compounds. An acceleration ef-
fect on lignin depolymerization caused by sulfur and sulfide has also
been observed [87].

Economic and environmental analysis are necessary to accelerate the
deployment of HTL and identify research and development opportu-
nities for enhancement. Li et al. [88] addressed stochastic
techno-economic analysis to evaluate the economic feasibility and risks
of the wet waste HTL process in a continuous flow process. Quantifica-
tion results show that the mean value of biocrude selectivity, thermal
efficiency, carbon efficiency, Total Capital Investment, and minimum
biocrude selling price are 42 wt %, 60 %, 57 %, 52 MM$, and
$3.69/gasoline gallon equivalent (gge), respectively. In addition, feed
moisture, HTL reactor model, and capital investment are the main
contributors to the economic uncertainty of the HTL process. A recent
analysis of sewage sludge HTL process suggests an estimated biocrude
yield from 42.2 to 52.4 %, an estimated fuel yield from 34.7 to 42.7 %,
an estimated minimum fuel selling price from $2.28/gge to $3.45/gge,
and an estimate reduction in supply chain greenhouse gas emissions
greater than 70 % relative to petroleum-derived diesel [89]. Another
study by PNNL [90] evaluated four aqueous-phase product treatment
andmonetization options based on experimental data. These options can
cut minimum fuel selling prices by up to 13 % compared to water re-
covery process after the hydrothermal liquefaction reactor.

An environmental analysis for hydrothermal conversion of sewage
sludge (>95 % by weight moisture) showed that incineration, gasifica-
tion, and pyrolysis had net global warming potentials of 129–800,
50–3183, 181–385, and 80–364 kg CO2 equivalent per ton of total solid
sewage sludge (CO2eq/t SSdry), respectively [91–94]. In contrast, HTL
presented a comparatively lower carbon footprint, with a maximum of
172 kg CO2eq/t SSdry [95]. HTL has been demonstrated to be beneficial
for producing high-energy density fuel (HHV of 25–40 MJ/kg) from wet
biomass, such as sewage sludge [96], showcasing significant advantages
over other thermochemical processes. For example, Jena and Das [97]
evaluated HTL and pyrolysis for algal biomass. The bio-oil yield from
HTL was higher (~41 %) than from pyrolysis (23–29 %).

Commercialization of HTL will require advancing from laboratory-
scale batch research systems to larger continuous flow reactor systems
and eventually integrating HTL into comprehensive biorefinery facil-
ities. However, challenges such as substantial equipment costs, high
operational energy consumption, and technical complexities associated

with complex raw materials and products have limited the scale-up of
continuous flow reactors for HTL [98].

4.2. Reactors

Reactors used in the HTP must have high-pressure and high-
temperature capabilities; the reactor material must be compatible and
resistant to corrosion and degradation by water, biomass feedstock, and
its products at these conditions; hence, stainless steel and high-grade
alloys are common choices [99]. Uniform heat distribution and effi-
cient mixing ensure consistent reaction conditions and improve con-
version efficiency. Scalability is essential to transition from lab or
pilot-scale to full-scale operations; safety features like pressure relief
valves and proper insulation are also critical to prevent accidents [100].
The reactor should allow for easy sampling, monitoring, maintenance,
and cleaning to avoid clogging and the buildup of residues. Reactor
geometry should suit the specific process requirements, including the
type of feedstock and desired output [101].

Reactors used for HTP can be batch and continuous flow systems.
Batch reactors are often employed in laboratory-scale studies due to
their simplicity and ability to handle small sample volumes, making
them ideal for process optimization and feedstock evaluation. This
reactor is a stirred tank with a fixed volume and no input and output
streams during the operation. Batch reactants can be stirred using
different methods, such as mechanical agitators and spargers. Fig. 8 a
shows a typical batch reactor. In turn, continuous flow reactors are more
suited for large-scale operations, as they have a constant charge of re-
actants and discharge of chemicals, leading to higher throughput and
more consistent product yields. The two types commonly used in liter-
ature are shown in Fig. 8 b and c: continuous stirred tank reactor (CSTR)
and plug flow reactor (PFR).

CSTR has a continuous charge of reactants and discharge of chem-
icals; reactants are well mixed as in a batch reactor via mechanical
impellers [102]. Impeller design and number depend on tank size and
mixed material properties. PFR is a flow reactor that moves along in the
direction of the flow, and all the reaction mixtures move along at the
same speed; there is no mixing or backflow. The reaction mixture is well
mixed, just like in a batch reactor, within each plug or on the
cross-section plane of the PFR. A back pressure regulator is generally
used to pressurize the system.

Additionally, if catalysts are used, the reactor design should
accommodate and facilitate them, ensuring proper mixing and contact

Fig. 7. P-T diagram of water to identify the different types of hydropyrolysis. Adapted from Ref.[83]
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with the biomass feedstock. A trickle bed reactor is a gas-liquid-solid
contacting vessel that can be used in these cases. Microwave and solar
reactors are innovative devices used in recent years [103]. Continuous
flow reactors are more suited for large-scale operations, as they enable
the constant processing of biomass, leading to higher throughput and
more consistent product yields (see Fig. 8). Additionally, if catalysts are
used, the reactor design should accommodate and facilitate their use,
ensuring proper mixing and contact with the biomass feedstock. These
characteristics collectively maximize efficiency, safety, and product
quality in HTP.

In Stirred-Tank Reactors (STRs), several studies have explored HTL
processes for various biomass feedstocks. Zhu et al. [104] found that
using isopropanol as a solvent significantly improved bio-oil yield due to
its hydrogen-donating properties. Cu and Zn-loaded γ-Al2O3 catalysts
outperformed commercial Cu/γ-Al2O3 catalysts in bio-oil production.
Zhang et al. [105] discovered that a mixture of ethanol and water (75:25
v/v) was more effective than solvent alone. Jain et al. [106] demon-
strated that HTL of high moisture content feedstock like microalgae,
with potassium carbonate (K₂CO₃) as a catalyst, enhanced conversion
efficiency and product quality, and produced BC rich in valuable com-
pounds such as alcohols, long-chain saturated hydrocarbons, and esters.
Cheikhwafa et al. [107] reported that various catalysts produced BC
with a higher heating value (HHV) greater than 30 MJ/kg and increased
biochar yield. Liu et al. [108] studied FeCl3-catalyzed HTL of coffee
husk, finding optimal conditions at 280 ◦C, 75 min retention time, and a
0.5 mol/L Fe3+ catalyst concentration, with solvent choice significantly

impacting bio-oil properties.
Although less common, continuous-flow reactors showed promising

results for high-moisture feedstocks and suggested commercial viability,
but they require design improvements. In most cases, continuous tube
reactors are used, and CSTR are rarely applied. Emphasis will now be
placed on the types and main characteristics of the reactors used in HTP
applied to various raw materials, conditions, and performances (see
Table 4). Barreiro et al. did experiments with microalgae [109], and
Forcheim et al. [110] compared batch reactor experiments with mea-
surements in a CSTR reactor and modeled the lignin degradation in the
solvent ethanol. Silva Thomsen et al. (2024) demonstrated effective
continuous wet air oxidation of the HTL aqueous phase in a tube reactor,
significantly reducing organonitrogen compounds and producing vola-
tile fatty acids. However, auto-thermal operation was not achieved
[111]. L.B. Silva Thomsen et al. highlighted that heat recovery could be
integrated into these processes if there is wet oxidation (WO) due to the
advantage of additional heat release, which could facilitate auto thermal
operation of continuous WO treatment when operating the reactors at
temperatures higher than 350 ◦C [112]. Patel & Hellgardt (2015)
highlighted that continuous plug flow reactors effectively perform HTL
of microalgae with constant biocrude yields but noted challenges in
pumping algae slurry and the effectiveness of co-solvents like cyclo-
hexane in preventing char formation. Further reactor design and con-
ditions improvements are recommended to enhance BC yield and quality
[113].

STR reactors offer uniform reaction conditions, ease of operation,

Fig. 8. The most common reactors used in HTL are a) STR, b) CSTR, and c) PFR reactors.

M. Rojas et al. Biomass and Bioenergy 194 (2025) 107621 

11 



and flexibility, which make them suitable for various biomass feedstocks
and experimental conditions. They are easier to scale up due to well-
understood fluid dynamics but typically have lower throughput and
higher energy consumption due to continuous stirring. In turn, constant-
flow reactors provide higher throughput, better thermal efficiency, and
consistent product quality, making them ideal for industrial-scale op-
erations. However, they require precise control of overflow rates, tem-
perature, and pressure, complicating operation and maintenance.
Continuous flow reactors, especially tube ones, are more energy-
efficient and scalable but prone to clogging with high solid content
feedstocks and have higher initial setup costs. In terms of clogging, CSTR
reactors are advantageous. The choice between these reactors depends
on specific process requirements, desired product yield and quality, and
economic considerations.

4.3. Products

4.3.1. Biocrude oil (BC)
HTL of biomass typically yields BC oil in the range of 35 %–60 % of

the dry biomass weight. This yield can vary depending on the type of
biomass and the specific conditions during the HTL process. For
instance, a study by Biller et al. found that HTL of sewage sludge in batch
reactors produced BC yields of around 35.4 %. In comparison, contin-
uous flow systems yielded up to approximately 37 %with heating values
between 26.6 MJ/kg and 36.6 MJ/kg [116].

Different types of biomass significantly influence bio-oil yield due to
variations in their chemical composition and physical properties. e.g.,
lignocellulosic biomass, which has a high lignin and cellulose content,
generally produces lower BC yields compared to wet biomasses like
algae. As shown in Fig. S3, lignocellulosic biomasses were grouped as
“plant”. Lignocellulosic materials require higher energy input to break
down their rigid structures that can reduce efficiency [117]. Conversely,
algal biomass, with its high lipid and protein content, typically yields
between 25 % and 60 %, depending on the species and process condi-
tions, and has a heating value of 33.1 MJ/kg, depending on the specific
algal species and process parameters [118]. Furthermore, feedstocks like
food waste, rich in carbohydrates and fats, tend to produce higher BC
yields, sometimes exceeding 60 %, due to their hydrolysable nature [20,
119].

Additionally, BC yields from HTL of algal biomass have been shown
to range between 25 % and 60 %, with a heating value of 33.1 MJ/kg,
depending on the specific algal species and process parameters [118]. At
mild temperatures, strain-specific parameters, such as resistant cell
walls, seemed to affect conversion to BC, but the severe conditions
concurring at 375 ◦C take apart those structures [109].

BC oil generally has a lower oxygen content (10–20 wt%) than raw
biomass, enhancing its thermal stability and reducing the extent of
upgrading needed [120]. However, it often contains higher levels of
heteroatoms, such as nitrogen and sulfur, thus requiring further refining
to meet transportation fuel standards. Despite its benefits, this BC

Table 4
Comparison of reactor types and conditions.

Reactor Feedstock Conditions Comments Reference

STR – 100 ml Parr
reactor

3 g Kraft lignin, solvents: IPA, water,
water-IPA

Stirring 400 rpm, IPA for 30 min at
280 ◦C

Incorporating oxophilic metal ions (Mo, Zr, Ti) into
Ni/γ-Al2O3 catalysts significantly improved catalytic
activity, yielding amaximum BC production of 72 wt%
with a conversion rate of 91.5 % using 3 % 10Ni–3Ti/
Al.

[104]

STR – 100 ml Parr
reactor

Alkali lignin, solvents: ethanol, water,
water-ethanol

Stirring velocity at 400 rpm The optimal catalyst (syn-10Cu-5Zn/Al) achieved a BC
yield of 74.7 wt%, substantially increasing from the
40 wt% yield of non-catalytic reactions and 47.7 wt%
yield with commercial catalysts.

[105]

STR – 1 L Parr reactor Wet diatom biomass (80 % moisture
content) microalgae

Temperature 300 ◦C, pressure 40
bar, duration 30 min

Catalyst K2CO3 (10 % w/w). The BC yields 22 %. Bio-
silica structures products yield 56 %, and AP the
remaining value.

[106]

STR – 1 L batch-type
autoclave (Parker
Autoclave Engineers)

Raw sewage sludge Stirring velocity 140–160 rpm.
350 ◦C and 5 bar at the end 180 bar.

The tested elements (except for Cd) in the BC were
identified.
The highest BC yield (21.9 %) was achieved using Ni/
NiO with MSS2, while the lowest yield (15.8 %) was
observed for MSS1 with FeS2.

[114]

Batch reactor – 25
mL

Fecal sludge sample from septic tank
located in Khulna University of
Engineering and Technology Campus in
Bangladesh

Temperature 320C with a
corresponding pressure range of
10–12 MPa

The BC yield was 55.7 % (co-liquefaction of fecal
sludge and organic solid waste with water-ethanol co-
solvent). The BC has a heating value of 37.5 MJ/kg,
indicating the potential to replace petrocrude.

[50]

STR – 1 L autoclave Municipal wastewater treatment plant of
Reus in Tarragona, Spain

300 ◦C and 86.9 bar for 30 min and
agitation rate of 100 rpm.

The highest BC yield was achieved using CuSO4 (10
%), resulting in a 42.20% yield, while TiO2 (20%) also
significantly improved the yield to 41.90 %.

[107]

STR Dried coffee husk Temperature between 190 and
300 ◦C,

Coffee husk conversion rate of 68.47%, with a light BC
yield of 11.51 % with 34.81 MJ/kg and a heavy BC
yield of 35.99 % with (40.56 MJ/kg).
Overall energy recovery exceeded 60 % using n-
hexane extraction

[108]

CSTR microalgae 350 ◦C, 15 min
Low feed (LF): 9.1 wt%
High feed (HF): 18.2 wt%

Yield BC: S almeriensis 42.6 wt % (LF) and 51.0 wt%
(HF)
N. gaditana 50.8 wt% (LF) and 54.8 wt% (HF)

[115]

Laboratory-scale
continuous – PFR

Microalgae, specifically Nannochloropsis
sp.

Temperatures range from 300 to
380 ◦C with residence times of
0.5–4 min.
Cyclohexane is a co-solvent that
enhances extraction and prevents
char formation.

The highest BC yield of 38 wt%was achieved at 380 ◦C
and a residence time of 30 s.
The BC produced had a Higher Heating Value (HHV)
ranging from 36.64 to 39.27 MJ/kg, comparable to
crude oil (40–50 MJ/kg).

[113]

Continuous reactor –
400 ml

The aqueous phase of the HTL
liquefaction of sewage sludge

300, 325, and 35 ◦C with different
residence times (3.4 and 24.8) and
pressure 180, 170 and 190 bar

The WAO process removed up to 95.3 % of the
chemical oxygen demand and 91.8 % of the total
organic carbon, generating volatile fatty acids, acetic
acid, CO2, and H2O.

[111]

IPA: isopropanol.
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typically requires upgrading through hydrodeoxygenation and catalytic
cracking to reduce the oxygen, nitrogen, and sulfur contents and
improve properties such as viscosity and heating value. These upgrades
are crucial to producing fuel that meets current diesel, gasoline, or jet
fuel standards [120,121].

4.3.2. Aqueous phase (AP)
In HTL, the aqueous phase also represents a useful product, with the

challenge of extracting its valuable components. Pola et al. [122] used
various hydrophobic eutectic solvents as extracting agents for valorizing
and detoxifying the aqueous phase from the hydrothermal liquefaction
of Kraft black liquor. Eutectic solvents demonstrated high selectivity for
phenolic compounds and ethanol, low selectivity for volatile fatty acids
and methanol, and no selectivity for fructose and non-volatile hydroxy
acids. It has also been shown that advanced oxidation using persulfate as
a pretreatment for this aqueous phase reduces its content of phenolic
compounds and alcohols. At higher oxidant concentrations, these in-
termediates were oxidized to acetic acid. When Fe (II) was added as a
catalyst, low concentrations (<9 mM) enhanced degradation. However,
higher doses of Fe (II) led to the sequestration of sulfate radicals, thereby
decreasing the oxidation yield and generating unwanted parallel re-
actions [123].

4.3.3. Hydrochar
Hydrochar is another valuable product obtained through HTL.

Literature suggests various alternative applications of hydrochar, such
as solid fuel in boilers, as activated carbon, in obtaining carbon nano-
tubes, and as a nutrient storage medium source after catalytic pre-
treatment [124]. Hydrochar has a surface area of up to 874 m2/g
[125], with high porosity, high pH value, and cation exchange capacity.
These properties have sparked interest in their use as adsorbents to
remove organic contaminants and heavy metals from the aqueous phase
and as a soil remediation agent to improve fertility, carbon sequestra-
tion, and immobilize heavy metals [126]. Recently, it has become an
effective method to selectively synthesize necessary chemicals and
functional materials, as shown in Fig. 9.

The first efforts aimed at understanding the physicochemical prop-
erties of hydrochar. Then, studies were addressed to change its prop-
erties to get functional hydrochar with unique characteristics, such as
heavy metal adsorption. Right now, hydrochar is a very relevant topic of
study worldwide.

In this context [128], found that hydrochar produced from HTL of
sewage sludge has a high phosphorus content (61,750 mg/kg), signifi-
cant amounts of magnesium (58,170 mg/kg) and potassium (9873
mg/kg), and notable levels of heavy metals like zinc, copper, nickel, and
chromium. However, hydrochar showed low toxicity to Aliivibrio fischeri
and low concentrations of PAHs and PFAS. The extraction of phosphorus
from hydrochar using inorganic acids has been evaluated; a maximum
extraction (94 %) was achieved using 0.7 M H2SO4 and 6.5 h as

extraction time. These results suggest that hydrochar could be a sus-
tainable phosphorus resource for agriculture, potentially replacing
mineral phosphorus fertilizers.

Compared with pyrolysis, ionic reactions are favored in aqueous
medium, and cellulose, hemicellulose, and lignin depolymerization
occur at relatively low temperatures under hydrothermal conditions.
Specifically, most of the hemicelluloses can be extracted from the
lignocellulosic materials at a hydrothermal temperature below 180 ◦C,
and the degradation of cellulose becomes evident as the hydrothermal
temperature reaches 230 ◦C. Additionally, unlike char from pyrolysis
processes, hydrochar obtained from hydrothermal carbonation contains
abundant functional groups, such as hydroxyl and carboxyl groups,
suggesting that hydrochar is formed through a different pathway [129].
A possible hydrochar formation pathway is illustrated in Fig. 10.

During HTC, cellulose and hemicelluloses are hydrolyzed into oli-
gosaccharides and monosaccharides through the cleavage of their
glycosidic bonds in hot compressed water. These water-soluble oligo-
saccharides and monosaccharides are further degraded into small
molecule compounds, such as 5-hydroxymethyl furfural, furfural, acetic
acid, etc., at relatively mild conditions or decomposed into syngas at
more severe conditions. Meanwhile, the ether linkages of lignin (mainly
β-O-4 and α-O-4 linkages) are also unstable under hydrothermal condi-
tions, and a large amount of lignin is converted into various water-
soluble phenolic compounds when the lignocellulosic material is hy-
drothermally treated at 240 ◦C [130]. However, most carbon-carbon
bonds in lignin (mainly β-β, β-5, β-1, and 5-5 linkages) are relatively
stable, and they are left as the initial skeleton of “aggregated hydrochar”
[131,132]. These furan compounds, derived from hemicelluloses and
cellulose, subsequently react with the soluble phenolic compounds
derived from lignin, forming “dispersed hydrochar” through polymeri-
zation. The reactive oxygen-containing groups on the surface of the
“dispersed hydrochar” further react with the “aggregated hydrochar”
and cover the surface of the “aggregated hydrochar,” resulting in a
hydrochar with relatively low specific surface area and poor porosity.

5. Modeling HTP

5.1. Kinetics models

Despite numerous investigations into the HTL process, its mechanism
and kinetics still need to be better understood [75]. This is attributed to
the complexity of chemical reactions and the generation of various
compounds in the BC and AP. HTL reaction pathways can be highly
intricate and contingent on the utilized feedstock’s initial chemical
composition. These reaction schemes still require further research for a
comprehensive understanding. Zhichao Wang et al. [133] used
single-model-compounds (egg albumin, microcrystalline cellulose,
xylose, D-glucose, and butter) and mixed model compounds (pro-
tein/cellulose, protein/lipid, proteins/xylose, protein/glucose, and

Fig. 9. Timeline of the development of high-value-added bioproducts through hydrothermal treatment. Adapted from Ref. [127].
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lipid/cellulose) to represent the feedstock and tracking the yield of the
products (Schee 1 in Table 5). It was observed that binary mixtures
reacted independently at relatively mild temperatures (300 ◦C, 20 min).
However, under more severe conditions (350 ◦C, 60 min), the mixture’s

overall yield increased by approximately 10 %, indicating an interaction
between the two model components [133]. Following Schee 2 [134],
glucose decomposition in hot compressed water adhered to first-order
kinetics with an activation energy of 114 kJ/mol. The reaction rate

Fig. 10. A possible formation pathway of hydrochar. Adapted from Ref. [129].
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Table 5
Mechanisms aimed at analyzing the HTL process.

No [Reactor/Sample]
Conditions

Reaction Scheme Measured Products Reference

1 2L/800 g
T: 300–350 ◦C initial P
of 0.65MP
t: 20–60min

BC
AP
Gas
Solid

[133]

2 Batch quartz capillary
reactors
T: 250–350 ◦C
P: non defined t:
1–14400min

*Subgroups: A-D

Water
Carbon
WSS
WSIS
Gas

[134]

3 11 mL/5.5g
T: 250–350 ◦C)
P: 200 bar t: 0–60min

BC
AP
Gas
Solid

[135,
138]

4 4.1 mL/2.3–3.7 g
T: 250–400 ◦C
P:>4Mpa t: 10–90min

BC
AP
Gas
Solid

[139]

5 CSTR reactor of
1.11m³ with a
residence time of
58.7 min.
Optimized at 250 bar
and 378.9 ◦C

Specific compounds and
intermediates as
presented in the scheme

[142]

(continued on next page)
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increased with temperature. The main products formed were aqueous
phase, char, and gases primarily composed of CO₂. Char formation was
associated with polymerization reactions of the primary decay products,
while the gas phase was mainly formed from water-soluble decay
products.

Obeid et al. [135] used model compounds representing lipids, car-
bohydrates, proteins, and lignin to simulate the diverse organic fractions
present in biomass, according to Schee 3, which includes multiple re-
action pathways and interactions between different organic compo-
nents. BC yield and composition varied significantly depending on the
reaction conditions and specific model compounds. This work demon-
strated both synergistic and antagonistic effects in binary and quater-
nary mixtures. For instance, adding lignin generally reduced BC yields in
binary mixtures, while certain combinations, such as carbohydrates and
proteins, increased the BC yield under specific conditions. It is known
that interactions between amino acids and carbohydrates increase BC
yields while char formation is decreased [136,137]. Reactive in-
termediates from carbohydrate degradation, which cause char forma-
tion like furan and HMF, are involved in Maillard reactions and form
N-containing compounds while cyclization and dimerization of amino
acids are suppressed.

The kinetic model of Obeid et al. [138] evaluated the effect of
biomass composition. The highest crude yield was obtained from
microalgae (up to 30 %), followed by sludge (up to 25 %) and pine wood
(up to 10 %). The optimal temperature for maximum crude oil yield was
300 or 350 ◦C, with minimal variation in BC yield after 5 min of reaction
time. The model demonstrated that different types of biomasses require
different kinetic parameters due to the high variability in product frac-
tions depending on their composition. The model achieved up to 15 %
accuracy in predicting product performance, showing that it still re-
quires improvements.

Valdez et al. [139] developed a general kinetic model for different
algae species (Schee 4). The rate constants showed that lipids and pro-
teins are the major contributors to biocrude (BC). Incorporating
biochemical content (protein, lipid, carbohydrate, and ash) into the
reaction network and kinetic model extended its applicability to various

microalgae species regardless of their growth conditions. Hao B. et al.
[140] grouped several schemes for microalgae, proteins, and paunch
waste, which differ in some steps or products, distinguishing, in some
cases, light BC from heavy BC, primary and secondary gases, and ashes.
Similar schemes have also been used in simulations with Aspen Plus and
MATLAB to predict the yields of HTL products and calculate the acti-
vation energies starting from these biocomponents [141].

Shia & Yu [142] developed a detailed reaction network, considering
carbohydrates, lipids, proteins, and Maillard reactants (Schee 5). This
network comprises 55 components and 41 individual reactions (micro
kinetics) to predict the composition changes under various conditions of
algae’s HTL. Also, Arrhenius’s kinetic parameters were optimized to
predict HTL product yields from diverse algae species. Considering the
reaction routes in entry 5, these kinetic models were also used for eco-
nomic analysis based on experimental results from the literature.

Catalysts play a crucial role in HTL by altering reaction pathways,
thereby enhancing the efficiency and selectivity of the conversion pro-
cess. In HTL, catalysts are employed to lower the activation energy
required for breaking down complex organic molecules in biomass,
leading to improved yields of BC oil with desirable characteristics, such
as higher energy density and reduced oxygen content. By influencing the
reaction mechanisms, catalysts can promote specific reactions that
optimize the quality of the final products.

A catalyst is essential to stabilize the unsaturated and reactive mol-
ecules and to avoid repolymerization, e.g., redox-active catalyst stabi-
lizes the lignin fragments and promotes the depolymerization into
monophenolic compounds [143,144], the cleavage of less accessible
ß-O-4-bonds, and enables the extraction of small phenolic fragments
[145]. Catalysts ease the use of methanol or carbohydrates instead of
pure hydrogen for dissolving the liquid product during solvolysis. It can
act as a hydrogen donor [144,146]. The chemical properties of phenolic
monomers differ depending on the selected catalyst [143].

Yujie Fan et al. [147], demonstrated that CuSO₄ is a highly effective
transition metal catalyst for HTL, enhancing biocrude (BC) yields and
improving its elemental composition (Schee 6). It promotes deoxygen-
ation by reducing oxygen content and slightly lowering nitrogen levels.

Table 5 (continued )

No [Reactor/Sample]
Conditions

Reaction Scheme Measured Products Reference

(Dashed line: aqueous, solid line: biocrude, dot-dashed line: gas)
6 Bath micro-autoclaves

T: up to 350 ◦C
P: up to 40MPa
(Initially pressurized to
2MPa using nitrogen
gas before heating)

(up arrow means increase)

N-containing
compounds

[147]

AP: Aqueous phase, BC: biocrude, H: hydrolysis, R: release, De: decomposition, DeC: Decarboxylation, WSS: water-solvent soluble, WSIS: water-solvent insoluble
fractions, Oligos: oligosaccharides, Monos: monosaccharides, Hemicell: Hemicellulose, Cell: cellulose, Glu: glucose, Carbo: carbohydrates.
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CuSO₄ facilitates Maillard reactions between carbohydrates and amino
acids, transforming nitrogen from organic to inorganic forms. It also
accelerates fatty acid conversion to hydrocarbons and reduces nitrogen
heterocycles through cyclization, preventing extensive polymerization
into solid residues and improving biocrude quality. Although CuSO₄ is
not a direct hydrogen donor, it indirectly supports hydrogenation by
altering the reaction environment and enabling hydrogen incorporation
from in-situ sources like fatty acids. This catalyst effectively reduces
nitrogen content by promoting deamination and forming non-polar
compounds while limiting nitrogen-rich heterocycles.

The heterogeneous catalyst CuNi/SiO₂ exhibits minimal activity in
improving biocrude yields, likely due to deactivation from sulfur
poisoning, standard in sewage sludge. While it slightly enhances hy-
drocarbon formation via deoxygenation, its performance is hindered by
surface blocking from nitrogen-containing heterocycles and unsaturated
fatty acids, leading to coke formation and reduced efficiency. In
contrast, HCOOH acts as an acidic catalyst and hydrogen donor, pro-
moting decarboxylation and dehydration. It boosts biocrude yields at
lower temperatures but loses effectiveness at higher temperatures due to
forming oxygenated intermediates like furans, which interact with
amino acids to form nitrogen-containing heterocycles. While HCOOH
increases yields, it also raises nitrogen content through intensified
Maillard reactions, presenting benefits and limitations for HTL processes
[147].

Thus, numerous reaction networks at both global and microkinetic
levels explain the conversion of significant components present in
various feedstocks through HTL, with a particular emphasis on algae.
Consequently, all the necessary parameters for modeling are detailed in
the supplementary information. This aims to provide scientists with
tools to facilitate their work and better understand this technology’s
nature.

Biomass varies in chemical composition and structure, influencing
conversion pathways, product distribution, and properties under hy-
drothermal conditions. It can be categorized into (i) lipid-rich biomass
(animal fats, vegetable oils, waxes); (ii) carbohydrate-rich biomass
(sugars, starches); and (iii) lignocellulosic biomass (wood residues,
agricultural byproducts, energy crops, and starchy vegetables like po-
tatoes) [148]. These components, primarily lignin, cellulose, and
hemicellulose, significantly impact biocrude yield, with the trend: lipid
> protein > carbohydrate [149,150].

Lipids play a dominant role in BC production due to their hydro-
phobic fatty acid molecules. In contrast, proteins and carbohydrates
generate hydrophilic compounds, such as amino acids and sugars, that
predominantly mix with the aqueous phase [151,152]. Experimental
studies using model lipid compounds, such as sunflower and castor oils,
have shown BC yields exceeding 90 %, significantly outperforming
proteins (30–35 %) and carbohydrates (10–15 %), thus underscoring the
effectiveness of lipid-rich feedstocks in BC production [150]. Carbohy-
drates and proteins contribute substantially to the AP, producing
organic acids, phenolics, and other hydrophilic compounds, further
demonstrating the challenges of converting these components into BC
[153]. In addition, according to Castellano et al. [154], Miscanthus, a
lignocellulosic biomass, is high in cellulose, hemicellulose, and lignin,
producing BCs dominated by oxygenated compounds such as phenolic
derivatives (e.g., guaiacols and syringols) and furans from carbohydrate
decomposition. These BCs are characterized by heavier fractions due to
lignin-derived compounds. In contrast, microalga Spirulina, rich in
proteins and lipids, yields BC with a high proportion of
nitrogen-containing compounds (e.g., pyrroles, pyridines) and
long-chain hydrocarbons from lipid degradation, featuring lower oxy-
gen content and easier upgrading. Sewage sludge, composed of lipids,
proteins, and minor carbohydrates, generates biocrude dominated by
straight-chain hydrocarbons and fatty acids, producing a lighter fraction
closely resembling diesel-range fuels. Lipid-rich feedstocks (e.g., Spir-
ulina, sewage sludge) favor lighter BC with fewer oxygenates, while
lignocellulosic feedstocks like Miscanthus produce heavier, oxygen-rich

BC dominated by aromatic compounds. Nitrogen content from
protein-rich feedstocks complicates BC upgrading due to stable nitrog-
enous heterocycles, while oxygenated compounds from lignocellulosic
biomass require additional processing to meet fuel-grade specifications.

5.2. Atomistic and molecular modeling

Understanding the fundamental mechanisms of synergistic reactions
involved during liquefaction would considerably advance using molec-
ular and atomistic modeling techniques. Complex reaction mechanisms
are complicated to examine using typical experimental methods. Re-
actions occur at a picosecond time scale (10− 12 s), and specific be-
haviors of organic molecules can only be tracked and captured at an
Angstrom scale (10− 10 m). Hence, theoretical calculations using mo-
lecular dynamics (MD) and density functional theory (DFT) have been
widely adopted as indispensable research tools to assess reactions, in-
teractions, and interfaces [155]. Currently, MD and DFT are regarded as
"computational" tests that assist the design and improvement of typical
experiment programs. To the best of our knowledge, only some studies
have explored the details of the process involved in HTP at this level.
Table 6 shows an overview of the publications on Molecular Dynamics.

Regarding DFT studies, Barreiro et al. [160] present the first mo-
lecular model for BC derived from HTL of microalgae in a continuous
reactor at 350 ◦C. Based on the experimental characterization and
literature, they proposed a set of molecules representative of each class
of compounds to create the first molecular model of biocrude oil. They
characterize the reactivity of the model molecules through DFT reac-
tivity descriptors, such as chemical hardness and Fukui function. The
proposed aliphatic molecules such as 3, 7, 11, 15 –
Tetramethyl-2-hexadecene, hexadecenoic acid, 1-docosene, 1-heptade-
cene, heptadecane, 9Z-octadecenoic acid, 9Z-octadecenamide, hex-
adecamenitrile, 9Z-octadecenenitrale for light fraction and algaenam
monomer, algaenam dimer, and diacylglyceride for the heavy fraction.
The proposed aromatic molecules are shown in Fig. 11.

These models present some insights into HTP at atomistic and mo-
lecular scales; however, despite the potential of these techniques, sig-
nificant challenges limit the accuracy and applicability of these models
for biomass hydrothermal processes.

5.3. Phenomenological models

Due to the complexity of thermochemical conversion in HTL pro-
cesses, attempts have been made to predict product yields and elemental
distribution through different approaches: (i) multicomponent additive
approach and (ii) kinetic model based on molecule clustering using
biomass absolute or model compounds [75]. In the first case, a linear
component additive approach has been used to calculate the overall
biocrude (BC) yield. The simplest model (Eq. (1)) is handled as the sum
of returns of individual components [161]. Then, a model (Eq. (2)) is
based on different linear combinations of biochemical components and
their mixture [162]. The groundbreaking study by Leow et al. [163]
improved the model to predict biocrude oil yield from microalgae, but
these models only predict CBO yield [164] A novel Multiphase
Component Additivity (MCA) model was introduced, offering a signifi-
cant advancement in predicting the outcomes of HTL processes. This
model intricately links the yields and elemental compositions of HTL
products to the biochemical and elemental composition of the feedstock,
incorporating considerations for ash content (A) in Eq. (3). Validated
against microalgae and residual biosolids, the MCA model’s yield pre-
dictions were particularly notable for their ability to closely align with
experimental results, as evidenced by the high R2 values ranging from
0.646 for biochar to 0.765 for gas products. This level of predictability
showcases the model’s efficacy in capturing the complex interactions
within HTL processes and providing a reliable framework for antici-
pating the yields and compositions of HTL products based on feedstock
properties.
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BCyield(wr%) = kiLxL+ kiPxP+ kiCxC (1)

BCyield(wr%) = axL+ bxP+ cxC+ dXPXC + eXPXL + fXCXL (2)

where L, P, and C represent the lipids, proteins, and carbohydrates
weight percentage. The term k ij represents the coefficient of the HTL
products model. Xi represents the mass fraction of lipids, carbohydrates,
and proteins in the mixture, and a, b, c, d, e, and f are the parameters.
The first three terms represent the biocrude oil yield from each model
compound individually, while the last three represent the potential
interaction between components.

Yi =
∑

Yij =
∑

kijxj = kiLx L+ kiP x P+ KiC x C+ kiAx A (3)

For this model, it is assumed that a fixed fraction (kij) of each
biomass component j is converted into a particular product i, with the
total yield of that product (Yi) being a linear sum of the yields of indi-
vidual components (Yij) (see Fig. 12). The elemental composition (car-
bon, hydrogen, and nitrogen) of the HTL product is defined as Eq. (4).

Mi = a x J + b (4)

Yang et al. [165] focus on developing advanced prediction models of
HTL for product yields and exploring reaction pathways, including

Table 6
Main studies related to HTP through molecular dynamics.

Process Model compounds Simulation parameters Main results Reference

Hydrothermal co-
liquefaction

Synthetic aliphatic
and aromatic polymer
wastes

MD calculations based on the ReaxFF used
canonical NVT and NPT ensemble in OVITO.

Insight into the synergistic reactions involved in
hydrothermal Liquefaction. The synergistic radical-related
reactions included 1) the ring opening of PHAs and 2) the
recombination of PHA branches and short-chain aliphatic.

[156]

Degradation by
supercritical water

Methyl hydrazine MD simulations using ReaxFF using an
isothermal-isobaric NPT ensemble to relax the
system and a canonical NVT ensemble to simulate
the oxidative degradation under different
temperatures.

The principle of supercritical water oxidation is that OH
radicals are fragments, thus speeding up the
decomposition—proposal of two main pathways at low
temperature and low oxygen content.

[157]

Depolymerization by
supercritical water

Scrap tires (natural,
butadiene, styrene-
butadiene rubber)

MD calculations based on the ReaxFF used
canonical NVT and NPT ensemble in LAMMPS.
Reaction energy barriers were calculated through
DFT in Material Studio using a GGA with BLYP
functional and double numerical plus
polarization.

Detail sulfur migration mechanism during scrap tire
depolymerization with supercritical water technology.

[158]

Hydrothermal
coliquefaction

Biomass model
compounds and
plastics

ReaxFF used a canonical NVT and NPT ensemble. Optimal range of feedstock blended ratios and temperatures
for the co-liquefaction of biomass-plastic mixtures.

[159]

Fig. 11. Set of proposed model compounds for the light and the heavy fraction of BC derived from HTL microalgae. Adapted from Ref. [160].
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Maillard reactions. A mixture design with five model components
(xylan, crystalline cellulose, alkaline lignin, soy protein, and soybean
oil) was used to predict biocrude and solid residue yields. Significant
findings include synergistic and antagonistic interactions between
model components, which influence the yield and quality of HTL
products, as shown in ternary diagrams. The model proposed by
Ref. [166] in their study on microalgae HTL is notable for its rigorous
and generalized approach, addressing critical aspects such as the
development of reaction networks, kinetic models, and the integration
of physical properties for process design and optimization. Their model
is distinguished by its predictive capabilities, accurately forecasting 117
out of 160 published biocrude yields within a±10 wt% range and 28 out
of 39 published HHVs within ±5 MJ/kg. The model’s multi-objective
optimization identified optimal trade-offs between biocrude yield
(37.2–60.0 wt%) and HHV (27.5–33.5 MJ/kg). The previous work could
be helpful for preliminary process design and economic analysis, offer-
ing a solid foundation for further HTL research. The authors call for
additional research to clarify reaction pathways and suggest incorpo-
rating more experimental data to refine model parameters. However, it
is crucial to note that despite its advancements, this model primarily
remains additive and does not incorporate phenomenological laws,
which could further enrich its predictive accuracy and scope. Similarly,
a global kinetic model for HTL of various algae species was proposed by
Borazjani et al. [141], focused on optimizing kinetic parameters across
different algae types and including an economic analysis, leveraging
global kinetic modeling to assess HTL’s commercial viability. This study
marks a pivotal step toward understanding HTL’s kinetics and its
financial implications, providing a solid foundation for future research
and application in biofuel production [141].

Table 7 summarizes the models and coefficients in the literature, like
those explained above. They differ mainly in the coefficient values that
depend on the feedstocks they applied. These models focus on calcu-
lating product yields, especially biocrude and energy values.

Rakesh [75] highlights critical areas that require further research
and development, such as the need for models to account for various
operating parameters more comprehensively and integrating kinetic
models with advanced process simulation tools like Aspen and CFD
simulations. Additionally, it points out the operational challenges faced
during continuous HTL reactor operation, emphasizing the need for
improved reactor design and the development of process technologies to
overcome issues like choking, plugging, and corrosion during
scaling-up. This summary effectively encapsulates the main findings

Fig. 12. a) Shrinking core model assumed for the hydrolysis of the lignin/wood particle of model components submerged in water, and b) kinetics reaction network
for particle conversion. Adapted from Jayathilake et al. [176]/Hydrothermal liquefaction of wood using a modified multistage shrinking-core model (2021).

Table 7
Predictive models used in the HTL process for diverse feedstocks.

No Model Feedstock Reference

1 BC = 0.18aXP + 0.06aXC + 0.8aXL Albumin, soy protein,
asparagine, glutamine

[161].
2 BC = 33.4aXP + 5.8aXC + 95.1aXL

− 1.9aXPXC +27.1aXPXL
− 1.6aXCXL
BC = 33.7aXP + 12.2aXC + 93.8aXL
+ 40.2aXPXC − 20.5aXPXL
− 0.3aXCXL

[150]

3 BC = 31.6aXP + 6.1aXC + 94.9aXL
+ 3.8aXPXC + 35.9aXPXL −

21.2aXCXL
BC = 34.0aXP + 11.9aXC + 85.2aXL
+ 33.6aXPXC − 2.4aXPXL +

10.2aXCXL

Albumin

4 BC = 0.42aXP + 0.17aXC + 0.97aXL Nannochloropsis oculate
carbohydrate

[148]

5 BC = 0.45aXP + 0.22aXC + 0.85aXL
SR = 0.41aXC + 0.18aXA

Microalgae [167]

6 BC = 0.385aXP + 0.025aXC +

0.9aXL + 0.052a XLXP/lXL-XPl +
0.093aXLXC/lXL-XCl +
0.003aXPXC/lXP-XCl

Model compounds +
Nanochloropsis

[168]

7 BC = 10.7 + 575aXSat −
4130aX2Mon + 65aX2Pro +

51.2aX2Car + 223aXSatXMon −

928aXSatXCar + 316aXMonXCar −
514aXPolXPro + 547aXPolXCab

Multiple algae specie [169]

8 HHV = 0.3491Xc + 1.1783XH+

0.1005Xs- 0.1034XO- 0.0151XN-
0.211Xash
ΔHsf, solid = (HHV)(MW) + a
(ΔHsf, CO) + b (ΔHsf, H2O) + c
(ΔHsf, SO2) + d (ΔHsf, NO)

CPS = C1 + C2T+ C3T2 +
C4

T
+
C5

T2 +

C6

√T

Microalgae (Simulation
in Aspen Plus)

[142,

170]

a BC: Biocrude, SR: Solid residue, HHV: the heating value of BC (MJ/kg), Cp:
heat capacity, ΔHsf, solid was calculated in units of kJ/mol, where ΔHsf, CO= −

393.14 (kJ/mol), ΔHsf, H2O = − 286.64 (kJ/mol), ΔHsf, SO2 = − 294.286 (kJ/
mol), and ΔHsf, NO = − 89.75 (kJ/mol), YLBO represents the yield of light BC,
YHBO refers to the yield of heavy BC and CCS is the percent conversion of CS
feedstocks. HHVBC is theHHV of BC, YBC is the yield of BC, andHHVCS represents
the HHV of raw CS.
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regarding HTL modeling limitations and suggests future research di-
rections to enhance the process’s predictive accuracy, efficiency, and
scalability.

Riju De [171] proposed an equation for optimizing a batch hydro-
thermal liquefaction of two microalgal species] optimized strategies of
batch HTL of microalgal species through a phenomenological model in
MATLAB software. The maximization of BC yield is determined ac-
cording to the model equations in Eq. (5).

maxTHTL (t) =
xbiocrude

(
tf = 60

)

xbiomass(t = 0)
x100% (5)

The first reactor configuration obtained an 11 % and 6.18 % incre-
ment for optimal BC yields and reduced batch times, respectively.

A different path is applying a thermodynamic approach to modeling,
which offers advantages over the additive and kinetic models described
above. Thermodynamic equilibrium modeling allows for the prediction
of helpful information about feedstocks and process conditions that have
not been tried before. Although the performance of a kinetic model or a
component additivity model may be superior to the thermodynamic one,
this is true only for a narrow range of feedstock and process conditions, i.
e., those used to build such models; therefore, it is necessary to be
carefull when using them to predict new systems. Cascioli and Baratieri
[172] made a first attempt at a predictive model using high-pressure
thermodynamic analysis, with a model based on the Gibbs free energy
minimization method extended to multi-component and multiphase
systems by considering the excess Gibbs free energy (G) to account for
the different behavior of mixtures under high-pressure conditions. To
solve the system, it was necessary to consider the fugacity calculated
using the SRK EoS and the activity coefficient determined by the UNI-
FAC contribution method.

The SRK (Soave-Redlich-Kwong) equation of state (EoS) is used to
model vapor-liquid equilibria, particularly in high-pressure systems. It
extends the van der Waals equation by introducing an attractive term to
account for intermolecular forces, thus improving predictions of non-
ideal gas behavior. The SRK EoS is represented as:

P=
RT

V − b
−

a
V(V + b)

(6)

where a and b are parameters derived from critical temperature (Tc) and
critical pressure (Pc) of the species. The SRK equation also calculates the
fugacity coefficient (ϕ) to account for deviations from ideal gas
behavior, which is crucial in phase equilibrium modeling.

The UNIFAC (Universal Quasi-Chemical Functional-Group Activity
Coefficients) model [173] is a group-contribution method used to
calculate activity coefficients in liquid-phase systems. It predicts the
non-ideal behavior of mixtures by dividing molecules into functional
groups and estimating their interactions. The activity coefficient (γ) is
split into two parts: the combinatorial term, which accounts for the size
and shape of molecules, and the residual term, which accounts for
specific interactions between groups. This approach is particularly
useful for modeling multicomponent systems without requiring exten-
sive experimental data, as it allows for predicting activity coefficients
under various conditions. Variants, such as the Modified UNIFAC
Dortmund model [174], improve accuracy by incorporating
temperature-dependent interaction parameters and additional correc-
tions for specific molecular interactions.

Together, the UNIFAC model and SRK equation provide a robust
framework for thermodynamic modeling by enabling accurate pre-
dictions of phase behavior in multicomponent and multiphase systems.
This integration is essential for designing and optimizing processes such
as biomass conversion under high-pressure conditions.

Furthermore, X is considered a solid particle in the multi-component
system, so it was extended to a number of phases, ‘k’ (NP), with a
number of chemical species; ‘I’ (NS), with constant temperature (T) and
pressure (P), as in Eq. (7):

G=
∑NS

i=1

∑NP

k=1
nki . μk

i (7)

μk
i and μk

i are the number of moles and the chemical potential of species i
in phase k. G is divided into the ideal part and the excess of G as in Eq.
(7) where fki represents the fugacities of the i-th species in the k-th phase
as in Eqs (9) and (10).

μk
i (P,T)= μ0

i (P) + RT ln
fki
f0i

(8)

f gi =ϕg
i . x

g
i . P (9)

f li = γli . x
l
i. f

0,l
i (10)

Being fugacity coefficient (Φi), the activity coefficient (γil), the
molar fraction of the gaseous phase (xgi ), and the molar fraction of the
liquid phase (xli). The fugacity of the liquid phase at standard conditions
is represented by f0,li .

This gas-liquid equilibrium model was implemented by using the
UNIFAC model, and the SRK equation of state [175] was able to predict
BC yield with an error of 23 % (17.60 wt% predicted vs. experimental
yield of 14.23 wt%) using model systems. More details of the model and
considerations are described in Ref. [172].

Furthermore, Jayathilake et al. [176] proposed a mathematical
model for biomass using a shrinking core approach to model lignin
particle hydrolysis and a similar model for wood particles. The model
focuses on the radial decomposition of the particle, the formation of an
oily film, and an ash layer around the particle during the liquefaction
process. It also includes a kinetic model to describe further decompo-
sition and polymerization reactions and a layer model to study the
processes inside the particle. This model considers mass and energy
transfer, as well as variations in temperature and concentration of
chemical species, providing a detailed insight into lignin liquefaction
under hydrothermal conditions. Another model for hydrothermal lignin
depolymerization was made by Forchheim et al. [177] by lumping main
reaction products and determining formal kinetic rate coefficients.

This model’s predictions showed good agreement with experimental
data, especially at longer residence times, supporting the model’s reli-
ability. However, the formation and behavior of the oil film and ash
layer around the lignin particles were not experimentally validated.
Additionally, the behavior of particles within the process, such as mass
and energy transfer and variations in temperature and concentration,
was not validated either [176]. Therefore, significant work to improve
the model and develop strategies to validate specialized models like this
one is still needed, which are promising for understanding biomass
particle conversion by HTL.

5.4. Phase equilibria models

Phase equilibria are of fundamental importance to understanding
and designing HTP. While it is generally assumed that there is a single,
homogeneous liquid phase present at reaction conditions, one initial
study suggests that there might be two liquid phases [178]. Additionally,
vapor-liquid equilibria play a role, and given the high partial pressures
achieved during operation, dissolved gases must be modeled
adequately. Another aspect to consider is the presence of a solid phase
given by the hydrochar particles generated in the reactor. These aspects
are directly related to reaction kinetics modeling since different phases
and their relative concentrations directly affect reactions taking place. It
is therefore of fundamental importance to connect phase equilibria with
reaction models to better understand phenomena taking place inside the
reactor.

Another important aspect of phase equilibria has to do with the
problem of product recovery, which is discussed in more detail below
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(section 6.3). The method of product recovery from the two product
phases, biocrude and aqueous phase, decides the yield and quality of the
main biocrude product. Understanding extraction is key to design effi-
cient and economically viable processes and helps understanding dif-
ferences between laboratory studies that apply different solvents for
product recovery [179].

Even though there are phase equilibria models, how they could be
applied to HTL is mainly unknown. While it is pretty straightforward to
assume that an equation of state needs to be applied to cover reaction
conditions, it is also possible to apply gE-models for product recovery
because typically (near) ambient conditions are applied in that case. The
main challenge associated with modeling biocrude is the interplay of its
complex composition, unknown oligomers, missing thermophysical
properties of most of the biocrude’s compounds, and parameters to feed
the chosen phase equilibrium model [180]. A framework to model
liquid-liquid equilibria of fast pyrolysis derived bio-oil has been pro-
posed, but it remains unknown how that applies to the specific charac-
teristics of biocrude [181]. The specific nature of compounds derived
from thermochemical decomposition of biomass needs to be addressed
because many of the compounds used to develop current models are
based on fossil derived data, i.e., consider chemical compounds of less
relevance to this new application [182]. It was shown that optimizing
parameters, e.g. for UNIFAC, as an interesting gE-model leads to an
improvement in predictive capability [183].

A correct representation of the chemical composition of the present
phases is key when using phase equilibrium models to understand what
phenomena are occurring in the reactor of hydrothermal processes. As a
strategy, mixtures of surrogate compounds could be used to represent
the chemical structures of still unknown oligomers using theoretical
structures from the literature. This has achieved promising results for
levoglucosan extraction systems from fast pyrolysis bio-oil [181,184]
and could significantly help understanding the nature of hydrothermal
processes. However, it is advisable to combine efforts to elucidate the
unknowns fraction using combined analytical techniques and compu-
tational tools, which could model the processes more efficiently.

6. Challenges

6.1. Modeling challenges

One of the most challenging topics, yet one that offers significant
opportunities for future research, is the mathematical modeling of hy-
drothermal processes. As highlighted in this review, the hydrothermal
process involves multiple simultaneous and sequential reactions, such as
hydrolysis, depolymerization, decarboxylation, and hydrogenation
[185], which are challenging to model accurately due to the lack of
comprehensive kinetic data. Furthermore, biomass is highly heteroge-
neous, consisting of various organic components like cellulose, hemi-
cellulose, lignin, proteins, and lipids, each reacting differently under
hydrothermal conditions [101]. In addition to chemical heterogeneity,
there is heterogeneity in phases within the reactor under high pressure
and temperature conditions, with at least two immiscible liquid phases
(polar and apolar) present at the same time, a gaseous phase dissolved in
the liquids by the effect of high pressure, and a solid phase corre-
sponding to the hydrocarbon particles. These heterogeneities complicate
the definition of input parameters for kinetic models and represent an
enormous challenge in defining strategies for their experimental mea-
surement over time.

In addition, developing reactor-scale models that account for
chemical kinetics and transport phenomena is a significant challenge. As
previously mentioned, the current scientific literature includes several
mathematical models that incorporate particle-scale transport phe-
nomena [186–189], primarily based on the well-known Shrinking Core
Model (SCM). Although these models account for particle-scale trans-
port phenomena, they are insufficient for making reactor-scale pre-
dictions. Thus, significant advances are needed in several areas, as

outlined below.
At the particle scale, current particle models based on the SCM are

strictly valid for non-porous particles, where reactions occur exclusively
on the external surface of the particle. However, this assumption does
not hold true for all materials because HTL technology can also be
applied to porous materials with internal microstructures. In those
materials, reactions may occur throughout the particle’s volume rather
than being confined to their external surface; in such cases, reaction
models like the Changing Grain Size Model (CGSM) [190] or the
Random Pore Model (RPM) with diffusional constraints [191] are more
appropriate. These models explicitly account for the porous nature of
materials by representing the structure as networks of pores (in the
RPM) or ensembles of grains (in the CGSM), offering a more accurate
depiction of the process compared to traditional SCM-based models.
Additionally, the current SCM-basedmodels are not suited for predicting
product yields from a general multicomponent biomass feedstock in HTL
[192], and several challenges remain for future research. One of them is
predicting the structural evolution of the biomass particle, such as var-
iations in porosity, specific surface area, and shrinkage or swelling
phenomena—factors already modeled in other thermochemical pro-
cesses like pyrolysis [193] and gasification [191]. Finally, aspects such
as particle shape and anisotropic transport properties should also be
addressed, as has been explored in biomass pyrolysis studies [194].

Another aspect that future HTL mathematical models should address
is particle non-uniformity. While some particle-scale modeling ap-
proaches have been discussed, these models typically describe the
behavior of a single-sized particle, whereas the particles entering the
reactor exhibit a size distribution. Therefore, a potential area of future
research in HTL modeling could focus on using methods such as popu-
lation balance models [195] to describe the behavior of the entire par-
ticle size distribution.

Finally, to fully capture reactor-scale phenomena, it is essential to
model extraparticular processes occurring at reactor scale. This can be
achieved through methods such as finite volume (FVM) or finite element
methods (FEM), which allow for the simulation of the momentum
equation at the reactor scale, considering the complexity of fluids under
subcritical conditions, potential extraparticular reactions and phase
equilibrium phenomena.

This review proposes the following strategy to advance HTL process
modeling.

i. We suggest focusing research efforts initially on developing
detailed particle models for general multicomponent biomass
feedstock, including intraparticle mass and energy transport.

ii. Subsequently, strategies such as population balance models
should be explored to account for the non-uniformity of particle
size distribution.

iii. Defining strategies to evaluate phase equilibrium models (liquid-
liquid equilibrium, vapor-liquid equilibrium, and solid-liquid or
solid-vapor equilibrium) that enable understanding interactions
and mass transfer between them.

iv. Finally, a Computational Fluid Dynamics (CFD) model would be
appropriate, which, in addition to solving the momentum equa-
tion to determine velocity profiles within the HTL reactor, also
considers extraparticular reactions.

It is also challenging to model the complexity of the process at the
molecular scale using techniques related to DFT and MD to elucidate
production routes, dilution capacity, and the respective thermodynamic
properties in multiphase and multicomponent systems. The complexity
of biomass composition, high-temperature and high-pressure condi-
tions, reaction mechanism complexity, water’s role as a reaction me-
dium, lack of experimental data for validation, computational resources
and time scales, modeling catalyst-biomass interactions, multiphase
systems, and model transferability and scalability. Some future di-
rections could be advanced force fields that can capture the behavior of
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complex biomass structures and water under extreme conditions and
improved experimental techniques to develop better ones for probing
biomass processes, providing more data for model validation.

High-pressure and high-temperature conditions further complicate
modeling efforts, resulting in the non-ideal behavior of solvents and
reactants. The process operates in a liquid or quasi-liquid mediumwhere
biomass interacts with added solvents or water, along with solids and
gases released by thermochemical conversion reactions within a closed
reactor. The effects of different solvents, especially water in supercritical
or near-supercritical states, significantly influence reaction pathways
and phase behavior, thus requiring detailed understanding and data.
Catalysts also play a crucial role in altering reaction kinetics and path-
ways, thus requiring detailed kinetic and mechanistic information for
accurate modeling. Predicting the yield and composition of the diverse
products—BC, hydrochar, AP, and gases—is another major challenge
made up by complex interactions and transformations.

Efficient heat and mass transfer are crucial for HTL, yet modeling
these aspects in a rapidly changing reaction environment is challenging.
Scaling-up from laboratory to industry involves addressing differences
in reactor design, flow dynamics, and operational conditions, all
impacting the HTL process. Finally, integrating all these factors into a
comprehensive phenomenological model results in high computational
complexity that demands significant computational resources and
advanced numerical techniques.

6.2. Technical and environmental challenges

The technical and environmental challenges of hydrothermal
Liquefaction (HTL) include handling a wide range of biomass feedstocks
with varying compositions, which can affect the efficiency and output of
the process. HTL operates under high temperatures and pressure and
requires robust and corrosion-resistant equipment. Environmentally,
while HTL reduces greenhouse gas emissions by converting biomass into
renewable energy, it also generates wastewater containing organic
compounds and nutrients, which requires effective treatment before
discharge to prevent pollution. Optimizing energy use and minimizing
by-product formation are crucial for improving HTL’s sustainability and
commercial viability.

HTL is regarded as an alternative offering significant advantages
over other thermochemical process-based technologies, such as
improved reaction speeds, enhanced heat capacity of bio-oils, and using
diverse biomasses with high moisture content without the need for prior
drying. However, due to the requirement for managing high pressures
and the complexity of feedstocks, specific, high-investment designs may
be necessary. This technology can be challenging to implement in
developing countries, where feedstocks have more potential, such as the
organic fraction of MSW.

6.3. Challenges in liquid products separation

Phase separation of liquid products poses several challenges due to
the complex nature of the products generated during the process. One of
the main challenges in separation is the formation of Pickering emul-
sions caused by fine solid particles [196], which complicates the sepa-
ration of the aqueous (AP) and organic (BC) phases. These emulsions can
be stable, sometimes taking days to separate, making gravity-based
methods alone insufficient for effective separation [197]. In addition,
the presence of solids and ash can cause blockages in the system and
fouling of heat exchangers and filtration systems, especially under the
high temperature and high-pressure conditions required for the process.
These problems require the use of advanced filtration and cleaning
techniques to ensure efficient and continuous operation of the process
[198]. Solvent extraction is used to improve the efficiency of separating
biocrude oil from aqueous and solid phases, which is challenging due to
stable interactions between solids and active species at the interface in
the aqueous and organic phases. Solvents such as mixtures of toluene

and heptane have been proven effective in separating the phases at high
temperatures (around 80 ◦C), favoring rapid sedimentation [199]. Guo
B. separated biocrude and solids from the aqueous phase by centrifu-
gation (8000 rpm for 5 min), but the use of DCM as solvent allowed
complete phase separation after 2 h and with a higher yield of 9 % of BC,
thus demonstrating the usefulness of solvents [200]. In addition to sol-
vent extraction and centrifugation methods, two-phase solvent extrac-
tion is often required to isolate BC, using solvents such as toluene and
heptane to help separate the phases [201]. In the same way, Mathanker
et al. [196] found that solvents such as acetone and THF effectively
isolated bio-oil from the aqueous phase while minimizing solid residues.
However, in scale-up processes and practical applications, it is necessary
to invest in solvent extraction and recovery systems as well as their
management.

Currently, eutectic solvents (ES) and deep eutectic solvents (DESs)
have gained significant attention as eco-friendly and cost-effective al-
ternatives to conventional solvents for various separation processes due
to their unique properties, such as tunable polarity and ease of prepa-
ration, making them suitable for a wide range of applications [202]. In
this way, Lucía Pola et al. [203] used ES (combinations of menthol or
thymol with octanoic, decanoic, or dodecanoic acid) to extract phenolic
compounds from the aqueous phase of hydrothermal liquefaction (HTL)
of Kraft black liquor. They demonstrated high extraction efficiency with
average yields of 66 %–91 % using menthol-based solvents and 34 %–98
% using thymol-based solvents. This process achieves a more biode-
gradable raffinate that can be used for subsequent catalytic or fermen-
tation processes. Thus, they demonstrated the potential of eutectic
solvents to efficiently separate valuable compounds from the aqueous
phase while minimizing toxicity and improving sustainability. However,
there are still significant challenges in using ES, starting with its re-
covery and regeneration from waste streams after separation, as it has
not yet been studied. This is crucial for the process to be viable on a
larger scale. It is compatible with real wastewater because most studies
focus on synthetic or model aqueous solutions, leaving questions about
real systems unresolved. Finally, although eutectic solvents are consid-
ered "sustainable or green" [197], the economic viability of scaling up
these processes and the environmental impact of their use on a large
scale are still a cause for concern because knowledge on this subject is
lacking.

Emerging biorefineries should also consider treatment in the
aqueous phase as an important aspect. Kemal Aktas et al. [204] found
that granular activated carbon (GAC) was highly effective at removing
contaminants, achieving up to 66 % COD removal, 94 % phenolic
compound removal, and almost complete removal of pyrazines and
pyridines from the aqueous phase. GAC outperformed biochar and
hydrochar, which had significantly lower adsorption capacities. GAC
also selectively retains valuable volatile fatty acids (VFAs), which can be
valorized by anaerobic digestion while removing inhibitory compounds
that would otherwise impede biological processes. Also, electrochemical
oxidation can reduce 99 % of the chemical oxygen demand of HTL
aqueous phase with a significant energy cost [205]. Other treatment
methods include direct recycling [206], catalytic hydrothermal gasifi-
cation (CHG) [207], which converts organics in the aqueous phase into
methane and carbon dioxide, achieving near-complete removal of
chemical oxygen demand (COD), and anaerobic digestion (AD) [208],
which efficiently converts organics into biogas but requires dilution to
prevent toxicity from salts and organics. While AD is less costly than
CHG, it is more expensive than direct recycling [209].

Although there are significant developments and knowledge, the
separation/extraction of liquid products faces ongoing challenges,
mainly due to stable Pickering emulsions, which complicate phase
separation and require costly, advanced technologies. Scaling up solvent
extraction, though effective, adds complexity to solvent recovery and
environmental impact, with economic concerns around operational
costs. While DESs offer a greener alternative, their recovery and appli-
cation in real wastewater systems remain under-researched, posing
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economic risks.
Although efficient, energy-intensive methods like CHG and electro-

chemical oxidation have high operational costs for AP treatment. GAC is
promising for removing contaminants and retaining valuable VFAs, but
balancing performance with costs remains an issue, especially in
anaerobic digestion. The economic viability of integrating these tech-
nologies into biorefineries while managing energy use and material re-
covery is a key challenge.

6.4. Characterization challenges

The HTC of biomass residuals and waste materials to produce
hydrochar is still in its early stage of development. Therefore, many
aspects require additional research, thus also product characterization.
Hydrochar characterization, such as solid yield and chemical composi-
tion of biochar and hydrochar, as well as their morphological charac-
terization, will play a vital role in determining their importance and
application in the industry and environment. Therefore, it is essential to
analyze the different thermochemical pre-treatments and the different
operating conditions in the formation of a final product, which will have
different physical and chemical characteristics; e.g., for energy appli-
cation, it is necessary to have a hydrochar with high carbon content and
low ash content; for applications in agricultural and wastewater treat-
ment industries, it is necessary to have a hydrochar with high surface
area and high adsorption capacity.

The analytical challenge in the characterization of HTL products in
BC is that most of the formed molecules are too large to be detected via
gas chromatography. However, it is often used, and therefore, only a
minor part of the formed products is characterized in detail. Only
elemental analysis and total organic carbon (TOC) data are generally
mentioned to describe the overall composition. High-resolution tandem
mass spectrometry (HRMS) allows the observation of the elemental
composition and relative abundance of many organic reaction products
in BC. The study of Zimmermann et al. [210] uses HRMS to get insight
into the characterization of BC from sewage sludge after sequential
extraction. The advances in hydrothermal carbonization chemistry of
sewage sludge offer huge potential to impact the distribution of the
product, its characteristics, and the process energetics. Therefore, ad-
vances in these aspects will provide an opportunity to construct a
high-efficiency industrial chain for energy and resources recovery from
sewage sludge by a controlled hydrothermal process and for considering
the critical hydrothermal conditions, their influence on the reaction
mechanisms, product characteristics, dewaterability improvement, and
process energetics [211,212].

When lignocellulosic biomasses or lignin are depolymerized, organic
fractions rich in lignin oligomers are obtained, ranging from monomers
to large structures. Characterization has been achieved for small struc-
tures that can be analyzed by GC-MS (mostly monomers). However, the
larger structures are still unknown, which represents a challenge to fully
elucidate them despite the existence of robust spectrophotometric (FT-
ICR MS, GALDI-MS and MALDI-FT-ICR MS, H-ESI-FT-Orbitrap MS, NMR
1D and 2D) and chromatographic (SEC/GPC, Gas and liquid chroma-
tography and its derivatives) analytical techniques. However, the
problem lies in several aspects, among which the following stand out:
the impossibility of analyzing large structures in GC-MS, thermal
instability of the structures that, instead of volatilizing when subjected
to high temperatures, decompose and lose their nature, and lack of
commercial analytical standards to identify and quantify these com-
pounds by chromatographic techniques such as HPLC and UPLC. There
are also no databases to compare the results, which makes their eluci-
dation and understanding even more difficult. However, some alterna-
tives could be a start using advanced techniques with columns (resistant
to high temperatures ∼ 420 ◦C) and special conditions of derivatization
and analysis by GCxGC-MS, as Dao Thi et al. [213], who managed to
identify 36 phenolic dimers, and 21 trimers obtained from lignin frac-
tions. The use of analytical techniques combined with robust sample

fractionation and cleanup and compositional tools could be an excellent
start to elucidate the mysteries of these up-and-coming liquid products.

6.5. Economic challenges

In comparison to other thermochemical conversion technologies,
HTL has both significant advantages and disadvantages with respect to
economic viability and barriers to entry. As noted above, a major
advantage to HTL is that it does not require a drying step to accept wet
feedstocks such as MSW, sewage sludge and food waste, which are
usually significantly less valuable than dry feedstocks such as woody
biomass and agricultural residues. These dry feedstocks, although in
abundance, often do have other uses and therefore are a cost to the
biorefinery. Moreover, they often have a cost of disposal or a gate fee,
that largely offsets the costs of transporting waste to the HTL plant [214,
215]. Another consideration is that HTL BC is often less oxygenated than
the corresponding pyrolysis bio-oil and that can lead to cost savings
during the upgrading and refining steps, for example consuming less
hydrogen or needing less frequent catalyst replacements [216]. Jing
et al. reported a minimum fuel selling price (MFSP) for fuels derived
from HTL and hydrotreating upgrading of the BC at $2.28–3.45 gge.
Rhaman et al. [216] compared the cost to produce jet fuel fromMSW via
HTL or pyrolysis followed by BC upgrading and found that the cost was
$2.72/gallon for HTL and $3.21/gallon for pyrolysis. Conversely, for
wood (a dry feedstock), Moreira et al. [217,218] found that BC fromHTL
as a direct replacement for fuel oil would require a price of $1.75-$2.97
per kg for a 5-year payback in Brazil, whereas pyrolysis would only
require a price of $0.87 for bio-oil.

Despite the advantages HTL poses for wet feedstocks, there is still a
high barrier to entry. Due to the requirements for high pressure pro-
cessing, capital expenditures for HTL are generally higher than for py-
rolysis. For example, in the above-mentioned wood-bio-oil production
study, Moreira et al. [217,218] found that the capital costs were 3–5
times higher for HTL than for pyrolysis. Similarly, for MSW in a 2000 ton
per day plant, Rhaman et al. [216] reported a $78.1 million cost for the
HTL plant, and a $65.1 million cost for the pyrolysis plant.

7. Conclusions

This study explores the potential of hydrothermal conversion pro-
cesses as promising options for converting wet biomass resources into
valuable liquid intermediates that can be upgraded into renewable
chemicals biofuels in integrated biorefineries. Several challenges need to
be overcome to make these biorefinery concepts economically and
environmentally sustainable.

• The hydrothermal process demonstrates remarkable versatility for
converting diverse biomass types, including lignocellulosic residues,
microalgae, municipal solid wastes, and sewage sludge, which po-
sitions these technologies as viable options for advanced bio-
refineries. However, variability in the composition and structure of
these feedstocks presents significant challenges regarding consistent
performance. For instance, BC yields from HTL can vary consider-
ably, ranging from 35 % to 60 % of the biomass dry weight
depending on biomass type and process conditions. This underscores
the need for adaptive models that optimize conversion efficiency and
ensure operational stability.

• Feedstocks are plentiful and inexpensive (or cost-negative) but also
heterogeneous; the range of biomasses used in HTL and HTC, and
their physicochemical characteristics is highly diverse. This study
analyzes a broad selection, highlighting lignin’s notable performance
in biocrude BC yield and organic co-solvents (EtOH, IPA) and water,
contributing to an enhanced calorific value. While other biomass
characteristics did not exhibit clear trends, these insights could be
refined by collecting and analyzing a larger dataset. As the data set
grows, it will be better able to predict results for different potential
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HTL feedstocks, includingMSW, food wastes, algae, animal manures,
and other emerging waste streams.

• Advances in modeling are essential to improve simulation accuracy
for hydrothermal processes, which often operate under extreme
conditions of up to 350 ◦C and 20 MPa. Current models based on
population balance equations and high-resolution simulations allow
for more accurate predictions of reaction dynamics and optimization
of product yields. Recent studies have shown that BC derived from
fecal sludge and organic solid waste in batch reactors achieved yields
of up to 55.7 % using a water-ethanol co-solvent system, with a
heating value of 37.5 MJ/kg, comparable to that of petroleum crude.
Additionally, in continuous reactors, BC produced from microalgae
reported yields ranging from 42.6 % to 54.8 %, depending on feed
concentration, highlighting the importance of precise control over
operational parameters.

• Properly representing the composition of the phases involved in the
process is a challenge for science, especially with the fraction of
unknown oligomers, which represents one of the most significant
gaps in understanding the process. Strategies such as using surrogate
mixtures that may include theoretical chemical structures may be
viable to enable the use of phase equilibrium models.

• Scaling up the processes to industrial levels presents significant
challenges. While continuous systems increase throughput, they
encounter operational issues such as clogging when processing high-
solids feedstocks. Energy recovery in hydrothermal liquefaction
processes can exceed 60 % when cosolvents like n-hexane are used
for extraction; however, economic viability depends on optimizing
solvent recovery and minimizing energy costs.

• Sealing existing knowledge gaps requires a rigorous integration of
theoretical and experimental approaches. The proposed roadmap in
this review emphasizes the importance of combining kinetic and
phenomenological models with experimental data to improve pre-
dictive accuracy. Recent studies have achieved high predictive pre-
cision for BC yields (with R2 values of up to 0.765 and heating values
from 36.64 to 39.27 MJ/kg for microalgae-based BC, providing a
robust foundation for optimizing reactor design and developing
operational strategies. These advances aim to position HTL as a
viable technology for sustainable biomass conversion at industrial
scale.

• Finally, more research is also needed to valorize BC. While biocrude
from HTL process is nominally of higher quality than biomass py-
rolysis oil, for instance lower O/C, higher H/C, there is less work
available on the separations and upgrading of HTL BCs. Again,
modeling that can predict the compositions of the BC will be helpful
to optimize the upgrading. Integrated biorefineries need to be dy-
namic and responsive to market needs in order to be sustainable, and
a clearer predictive understanding of the possible product composi-
tions in response to inputs and conditions can help drive product
flexibility.
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Glossary

HTP Hydrothermal Processes
HTL Hydrothermal Liquefaction
PNNL Pacific Northwest National Laboratory
HTC Hydrothermal Carbonization
HTG Hydrothermal Gasification
MSW Municipal Solid Waste
OSW Organic Solid Waste
RMSD Root Mean Square Deviation
gge gasoline gallon equivalent
BC Biocrude Oil
AP Aqueous Phase
HHV Higher Heating Value
DTL Direct Thermochemical Liquefaction
STR Stirred-Tank Reactor
CSTR Continuous Stirred Tank Reactor
PFR Plug Flow Reactor
IPA Isopropanol
co-HTG Co-hydrothermal gasification
scH2O Supercritical Water
scEtOH Supercritical Ethanol
TS total solids content
WSS Water-Solvent Soluble
WSIS Water-Solvent Insoluble
HMF Hydroxymethylfurfural
RMSD Root Mean Square Deviation
FAO Food and Agriculture Organization of the United Nations
LATAM Latin America and the Caribbean
GHG Greenhouse Gas
TS Total Solids
Pi Initial Pressure
Pf Final Pressure
HR Heating Rate
RT Retention Time
scH2O Supercritical Water
WAO Wet Air Oxidation
WO Wet Oxidation
MD Molecular Dynamics
DFT Density Functional Theory
MCA Multiphase Component Additivity
SRK Soave-Redlich-Kwong
EoS Equation of state
UNIFAC Universal Quasi-Chemical Functional-Group Activity

Coefficients
SCM Shrinking Core Model
CGSM Changing Grain Size Model
RPM Random Pore Model
FVM Finite Volume Method
FEM Finite Element Method
CFD Computational Fluid Dynamics
ES Eutectic solvents

M. Rojas et al. Biomass and Bioenergy 194 (2025) 107621 

24 



DES Deep Eutectic Solvents
GAC Granular Activated Carbon
CHG Catalytic Hydrothermal Gasification
COD Chemical Oxygen Demand
AD Anaerobic digestion
HRMS High-Resolution tandem mass spectrometry
GC/MS Gas Chromatography/Mass Spectrometry
FT-ICR MS Fourier Transform Ion Cyclotronic Mass Spectrometry
NMR Nuclear Magnetic Resonance
HPLC High Performance Liquid Chromatography
UPLC Ultra Performance Liquid Chromatography
MFSP Minimum Fuel Selling Price
H Hydrogen
C Carbon
O Oxygen
N Nitrogen
S Sulfur
AC Activated Carbon
FeCl3 Iron(III) Chloride

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biombioe.2025.107621.
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[27] C.A. a b Forero-Nuñez, J. c d Jochum, F.E.S. e f g Vargas, Effect of particle size
and addition of cocoa pod husk on the properties of sawdust and coal pellets
[Efecto del tamaño de partícula y la adición de cáscara de cacao en las
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