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HIGHLIGHTS

¢ Algal bio-binders via HTL offer sustainable solutions for pavement applications.
o HTL efficiently converts wet algae to high-quality bio-crude versus pyrolysis.

o Algal bio-binders closely replicate petroleum bitumen's rheological properties.

e Future research must target testing, LCA, characterization, and standardization.
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researchers is required to develop supportive policies and technology for widespread

adoption.

1. Introduction

Bitumen, commonly known as asphalt binder, is a black,
viscous substance largely used as a binder in road construc-
tion (Hunter, 1994). It is created during the fractional
distillation of crude oil during refining (Wess et al., 2004).
Bitumen is produced using techniques such as vacuum
distillation, solvent de-asphalting, and air blowing (Adams
et al., 2019), resulting in a material with suitable qualities for
paving applications, such as workability, adhesion, cohesion,
waterproofing, and durability. These processing techniques
are required to handle the challenges of high viscosity and
complex bitumen composition, which include asphaltene,
resins, and other heavy components (Leon and Kumar, 2005).

Bitumen is essential in asphalt pavements as it acts as a
binding agent in asphalt concrete, the most often used ma-
terial for road layers, due to its mechanical properties, work-
ability, and cost-effectiveness (Li et al., 2025). Polymer-
modified bitumen (PmB) is now widely used to withstand
high traffic volumes and extreme weather conditions,
offering enhanced durability (Feng et al, 2025; McNally,
2011). The global demand for bitumen has continuously
increased as road networks and urban growth have
expanded, resulting in a large increase in petroleum-derived
bitumen production and consumption (Ovalles, 2019).
However, bitumen production is inextricably related to the
supply of crude oil, a limited resource (Cavaliere, 2023).
Exploiting unconventional oil sources, such as oil sands,
shale oil, and bitumen, has become important as world
crude oil supplies are depleted (Nduagu and Gates, 2015;
Shahbazi et al., 2025). Extracting and using these sources
presents substantial problems, especially regarding
environmental effects and energy intensity (Nduagu and
Gates, 2015). For example, the extraction of bitumen from oil
sands, a fundamental component of unconventional oil, is
associated with low fluidity and high environmental costs
(de Klerk et al., 2014). Despite these issues, unconventional
oil sources are expected to grow, emphasizing the need for
long-term solutions in the petroleum industry (de Klerk
et al., 2014; Govindaraju et al., 2025).

Despite its advantages, the production and use of con-
ventional bitumen are increasingly viewed as unsustainable
in the long term. The impact of bitumen production on the
environment is one of the main concerns (Yan et al., 2025).
The energy-intensive process of refining crude oil produces
bitumen and significant GHGs (International Energy Agency,
2024). The petroleum refining industry is one of the top
three stationary sources of GHG emissions worldwide (Ma
et al., 2023). About 150 kg of CO,eq is released throughout
the extraction, transportation, pipeline transit, refining
process, and storage of one ton of bitumen, which adds

considerably to the construction industry's carbon footprint
(Eurobitume, 2019; Samuthirakani and Das, 2020).

Additionally, crude oil extraction and refinement carry
several environmental risks, such as the potential for oil spills,
contaminated water supplies, and habitat destruction (Singh
et al., 2020). The environmental impact becomes severe
when lower-grade reserves become harder to extract and
refine due to the decreased quality of readily available crude
oil. These actions have a cumulative effect that exacerbates
air pollution, climate change, and ecosystem destruction
(Johnston et al., 2019). In addition, the erratic fluctuations in
crude oil prices can cause economic instability, which might
impact the budget and scheduling of bituminous
infrastructure projects (Attanasi, 2008). As nations work to
lessen their reliance on fossil fuels, using bitumen derived
from petroleum presents a strategic risk in addition to
environmental issues. The geopolitical complexity
surrounding oil-producing regions highlights the necessity
for more reliable and sustainable alternatives, which can
cause supply disruptions and price volatility (Peura et al,,
2023). Traditional methods must be re-evaluated in favor of
more environmentally friendly alternatives, considering the
global drive towards sustainability and reducing carbon
footprints from the built environment.

In response to the urgent need to address climate change
and reduce carbon emissions, there is a growing global effort
to minimize reliance on petroleum-based products (IPCC,
2014). International agreements, such as the Paris
Agreement, enacted in 2015, require considerable reductions
in GHG emissions, hastening the transition to renewable and
low-carbon technology (United Nations, 2015). The transition
to renewable and low-carbon road construction technologies
is spurring research into alternative bitumen binders
(Ingrassia et al., 2019). This transition in bitumen production
involves the development of new binders that do not rely on
fossil fuels (Fini, 2016). The circular economy, where waste
resources are repurposed and reused, is gaining popularity
as a sustainable approach. Developing bio-based binders is
consistent with these concepts, providing a renewable and
potentially less carbon-intensive alternative to petroleum-
based bitumen (Musco et al., 2024; Zhang et al., 2024).
According to the definition provided by EN 16575 for bio-
based products, a 100% bio-based binder refers to a binder
that is entirely derived from biomass (BSI, 2014). For this
review, this category of binders will henceforth be referred
to as “Bio-binders”. Bio-binders from renewable and waste
biomass sources, such as waste cooking oil, agricultural
leftovers, forestry byproducts, and most notably, algal
biomass, can offer a sustainable alternative to petroleum-
based bitumen (Aziz et al., 2015; De Rose et al., 2024). Bio-
binders, produced by thermochemical conversion methods
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such as pyrolysis, gasification, and hydrothermal liquefaction
(HTL), can represent an eco-friendly solution (Chailleux et al.,
2015; Yuniarti et al., 2022). In particular, HTL of algal biomass
effectively transforms various organic resources into high-
quality bio-crude, which may then be processed into bio-
binders. Algal biomass is particularly useful because of its
quick growth, high lipid content, and the ability to thrive in
diverse environments, including wastewater and non-arable
areas (Udayan et al.,, 2023). Its cultivation helps to sequester
CO,, potentially offsetting the carbon emissions from bio-
binder manufacturing, while its regular harvesting assures a
consistent supply of raw material (Chisti, 2007).

The switch to bio-binders addresses environmental issues
about conventional bitumen and improves road construction
sustainability by lowering infrastructure projects' carbon
footprint (Weir et al., 2022). According to research, bio-binders
may perform similarly to or better than conventional bitumen
in terms of durability, flexibility, and resistance to aging and
environmental stresses (Penki and Rout, 2023). Economically,
increased crude oil extraction costs and better efficiency and
scalability provided by biotechnology breakthroughs make
bio-binders a more competitive option. Integrating waste
into existing asphalt technologies coincides with global
sustainability goals, promoting the circular economy and
opening up new markets and job opportunities in renewable
energy and biomaterials.

As the globe's dependency on petroleum declines, the
development and use of bio-binders could provide a viable
route for creating more sustainable and resilient infrastruc-
ture. This literature review investigates bio-binder extraction
from algal biomass using hydrothermal liquefaction, evalu-
ating current research, technological advancements, and po-
tential next steps to pave the way for a more sustainable
evolution in the pavement construction industry.

2. Bio-oil for bio-binder production methods

Literature has several methods of bio-oil production from
biomasses. The two major methods include Pyrolysis and
HTL, both being time-saving and simple and usually seen as
preferable. If employed under specific conditions and pro-
cesses, both methods can extract bio-oils, bio-crude, and
biochar from biomass (Matayeva et al., 2019). Although both
methods produce bio-oil, they operate differently.

During pyrolysis, the biomass is decomposed in an oxygen-
starved crucible under elevated temperatures of 300 °C (Liu
and Han, 2015; Parihar et al., 2007) to over 1000 °C (Corte
et al, 1987; Palumbo et al, 2019) at a rate of <0.1
(Surahmanto et al,, 2017; Waheed et al., 2013) to 10* °C/s
(Sun et al., 2010). As seen in Fig. 1, the products of biomass
pyrolysis are as follows: biochar, condensed gas, which is
the bio-oil, and uncondensed gas, also known as synthetic
gas (Syngas) (Irfan et al, 2016). Pyrolysis falls into four
classifications: slow, intermediate, fast, and flash pyrolysis.
Each type has its unique characteristics and applications.
Slow pyrolysis utilizes low temperature and heating rates
but long residence times and produces high amounts of
biochar (Cai et al., 2020). Intermediate pyrolysis operates at
medium temperatures and heating rates, with decreased
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Fig. 1 — Pyrolysis of biomass to bio-oil, biochar, and
Syngas.

residence times, producing higher amounts of bio-oils than
biochar, depending on the biomass (Bouaik et al., 2021,
Kebelmann et al.,, 2013). Fast and flash pyrolysis operates at
high to extreme ranges of temperature and heating rates,
using small particle sizes, with the shortest residence times
lasting only a few seconds, producing higher amounts of
Syngas (Kammann and Graber, 2015; Sohaib et al., 2017).

On the other hand, liquefaction extracts bio-crude oil from
biomass by utilizing a liquid environment under elevated
temperatures and pressures to break down the solid biomass
structure into liquid components. This process often occurs
under subcritical conditions, which refers to temperatures
and pressures below the critical point of the solvent used,
allowing the solvent to remain in a liquid state and effectively
penetrate and decompose the biomass (Elliott, 2020;
Subramanya and Savage, 2021). HTL is performed in water at
temperatures ranging between 250 °C and 375 °C and
pressures from 4 to 22 MPa (Chan et al, 2014). Unlike
pyrolysis, feedstock with high moisture content, such as
seaweed or algae, can be used without drying. HTL of
biomass produces a dark, viscous hydrophobic liquid dubbed
bio-crude, which has a lower oxygen content than the one
produced from pyrolysis (Nallasivam et al., 2022). Studies
show HTL contains 5% oxygen in subcritical conditions to
35%, while pyrolysis contains around 50% more oxygen on a
water-free basis (Haarlemmer et al, 2016). HTL also
produces solid residue, an aqueous fraction, and Syngas
(Singh et al., 2015), as shown in Fig. 2. The bio-crude
produced through HTL has been found to be promising for
developing bio-binders (Fini et al., 2012; Geantet et al., 2022).
The produced bio-crude can also be catalytically
hydrotreated to produce hydrocarbon fuel (Elliott et al., 2015).

A key benefit of HTL over pyrolysis is its ability to process
wet biomass without the need for drying, making it more
energy-efficient and cost-effective for feedstocks like algae,
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Fig. 2 — Hydrothermal liquefaction of biomass products,
hydrophobic fraction, aqueous fraction, and Syngas.

which typically have high moisture content (Biller and Ross,
2016). HTL's compatibility with high-moisture biomass like
algae is particularly advantageous because water is a
required component in bio-crude production (Kumar, 2014),
eliminating the energy-intensive drying phase necessary in
pyrolysis (Biller and Ross, 2016; Zhang et al, 2017).
Additionally, water in HTL serves as a medium for breaking
down complex organic molecules into simpler compounds,
enhancing the efficiency of bio-crude production (Biller and
Ross, 2016). HTL also operates at lower temperatures
(250 °C—-375 °C) compared to pyrolysis (300 °C to over
1000 °C), resulting in lower energy consumption (Biller and
Ross, 2016; Zhang et al., 2017). Moreover, HTL produces bio-
crude oil with lower oxygen content (Jena and Das, 2011;
Vardon et al,, 2012). Yang et al. (2014) compared the energy
consumption of HTL versus pyrolysis and found that HTL is
superior, achieving higher energy recovery with a lower
energy cost (Zhang et al., 2017).

To produce bio-oil, pyrolysis is today most utilized. Of the
different types of pyrolysis, as seen in Table 1, intermediate
pyrolysis, specifically that of algae, produces the greatest
amount of bio-oil (Bouaik et al., 2021; Kebelmann et al.,
2013), yielding between 35% and 45%. However, by utilizing
HTL at lower temperatures with the addition of pressure, up
to 64% of bio-crude oil could be produced (Djandja et al.,
2020; Lu et al, 2021). In conclusion, according to some
literature, the use of HTL in producing bio-crude from algae
is technically and economically viable, making it a
promising alternative to fossil fuels (Abdul Latif et al., 2019;
Raikova et al., 2019).

3. Algal biomass as feedstock

Algal biomass is developing as a potential feedstock for biofuel
production. Algae can provide larger oil yields per unit area
than traditional biofuel sources, using minimal land for bio-
fuel production (Abou-Shanab et al., 2011). Several microalgae
species, including Chlorella vulgaris, Spirulina maxima, and
Nannochloropsis sp., have been considered for their high
lipid content, which ranges from 20% to 50% of their dry
weight. Under nutrient-stressed conditions, some strains
can approach 80% lipid content. This high lipid content is
especially advantageous for biofuel production, as more
lipids equals higher biofuel output. These properties also
make algae a desirable feedstock for bio-binder
manufacturing, which uses comparable processing
procedures to biofuels. The advantages of HTL in processing
algal biomass, particularly compared to other conversion
methods, are further highlighted in Table 2. This table
provides a comprehensive analysis, displaying the
effectiveness of HTL, especially when algae are used as the
primary feedstock. Making them viable candidates for
biofuel production (Milledge and Heaven, 2013; Posten and
Schaub, 2009). Dwivedi and Dwivedi (2019) conducted an in-
depth review of bio-oil production from algal biomass
utilizing HTL. They emphasized the benefits of using
biomass from algae directly, without any preprocessing.

One of the primary benefits of employing algae for biofuels
and, by extension, bio-binders is their potential to absorb CO,,

Table 1 — Comparison of bio-binder production conditions.

Process Temperature Heating Time Particle Bio-oil
(°C) rate (min) size yield
(°C/min) (mm) (%)
Slow pyrolysis (Amrullah et al., 200—600 30-50 10, 30, 50 0.25 7-35
2022; Peng et al., 2000; Yang
et al., 2014)
Intermediate pyrolysis (Bouaik 400—600 15, 30, 50 15 0.50—1.00 35-45
et al., 2021; Kebelmann et al.,
2013)
Fast pyrolysis (Yanik et al., 2013; 500—1000 50 0-1 <1.00 11-50
Zhang et al., 2017)
Hydrothermal liquefaction 250—375 10 15—60 = 24—64 "bio-crude"

(Djandja et al., 2020; Lu et al.,
2021; Richardson et al., 2014)



https://doi.org/10.1016/j.jtte.2025.03.007

Table 2 — Summary of research using algal biomass to produce bio-oil or bio-crude 2009—-2024.

Author/citation

Type of feedstock

HTL or pyrolysis

Temperature

Pressure

Residence time

Bio-oil yield

Purpose of
conversion

Gouveia and Oliveira
(2009)

Jena and Das (2011)

Du et al. (2012)

Vardon et al. (2012)

Jin et al. (2013)

Zhang et al. (2017)

Wang et al. (2021)
Amrullah et al. (2022)

Lu et al. (2021)

Dandamudi et al.
(2021)

Da Costa Magalhaes
et al., 2023

Dong et al. (2024)

Algal biomass (chlorella
vulgaris, spirulina maxima,
nannochloropsis sp.,
neochloris oleabundans,
scenedesmus obliquus,
dunaliella tertiolecta)

Algal biomass (spirulina
platensis)

Algal biomass
(nannocloropsis oculata)
Algal biomass
(scenedesmus, spirulina)

Spirulina platensis and
entermorpha prolifera
Chlorella sp.

Algae (spirulina)
Algal biomass (ulva lactuca)

Algal biomass (chlorella sp.)
Algal biomass
(cyanidioschyzon merolae)
Algal biomass (chlorella
sorokiniana and chlorella
vulgaris)

Multiple algae species
(nannochloropsis, spirulina,
chlorella, schizochytrium,
chlorella protothecoides)

Soxhlet oil
extraction

HTL and pyrolysis

HTL and pyrolysis

HTL and slow
pyrolysis

HTL
HTL, fast pyrolysis,

and microwave-
assisted pyrolysis

HTL
Slow pyrolysis

HTL
HTL

HTL

HTL

Not applicable (oil
extraction using
soxhlet apparatus)

350 °C (HTL), 350 °C
and 500 °C
(pyrolysis)

150 °C—225 °C (HTL),
500 °C (pyrolysis)
300 °C (HTL), 450 °C
(pyrolysis)

250 °G—370 °C
350 °C (HTL), 500 °C

(fast pyrolysis and
(microwave-assisted

pyrolysis)

200 °C—350 °C
400 °C—600 °C
200 °C—350 °C
330°C

280°C—370°C

180 °C—260 °C

20.6 MPa (HTL),
atmospheric

(pyrolysis)
15-30 MPa (HTL)

10—12 MPa (HTL)

10—20 MPa

17-20.7 MPa (HTL),
atmospheric (fast
pyrolysis and
microwave-assisted
pyrolysis)

5—-20 MPa

5—20 MPa
9 MPa

10—25 MPa

20 MPa

60 min

10—60 min

30 min (HTL), 2 h
(pyrolysis)

5—120 min

20 min
10—50 min

20 min
30 min

15 min

30 min

4.1%—29%, depending on
the species

~41% (HTL), 23.8% (350 °C),
28.5% (500 °C) (pyrolysis)

45% (HTL, scenedesmus),
31% (pyrolysis,
scenedesmus), 36% (HTL,
defatted scenedesmus), 24%
(pyrolysis, defatted
scenedesmus), 31% (HTL,
spirulina), 24% (pyrolysis,
spirulina)

15%—25%

51% (HTL), 50% (fast
pyrolysis), 26% (microwave-
assisted pyrolysis)

37%

7.82%—24.05% depending on
the temperature and
residence time

32.10%

31.50%

19.8% (chlorella
sorokiniana), 46% (chlorella
vulgaris)

35% (nannochloropsis), 25%
(spirulina), 30% (chlorella),
40% (schizochytrium), 45%
(chlorella protothecoides)

Bio-fuel production

Bio-0il production

Bio-oil production

Bio-oil production

Bio-oil production

Bio-fuel production

Bio-oil production

Bio-oil production

Bio-oil production

Bio-oil production

Bio-fuel production

Bio-oil production

8/€
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reducing greenhouse gas emissions (Abou-Shanab et al.,
2011). Furthermore, algae may be grown in wastewater,
which aids in water cleaning while producing biomass for
fuel and other applications (Milledge and Heaven, 2013).
Algae's adaptability allows them to flourish in wvarious
environments, making them a strong and sustainable
feedstock for biofuels and bio-binders.

Gouveia and Oliveira (2009) emphasized the potential of
microalgae as a sustainable source of bioenergy, citing their
high lipid content and rapid growth rates. Their research
found that different algal strains have differing lipid
synthesis efficiencies, and choosing the proper strain is
crucial for optimizing biodiesel and bio-binder yields
(Gouveia and Oliveira, 2009). Rahimpour et al. (2017)
researched the efficiency of microalgae in biodiesel
production. Optimizing growth conditions and metabolic
pathways to increase lipid yields can be applied to bio-
binder manufacturing, with similar mechanisms used to
transform algal lipids into appropriate binder materials.

Recent research has proven various efficient algal biomass-
to-biofuel conversion techniques, stressing their viability and
promise. For example, Du et al. (2012) investigated the
hydrothermal processing of microalgae to produce pyrolytic
bio-oil with low nitrogen concentration, thereby increasing its
usefulness as a fuel source. This study found that
pretreatment algae have high carbon content and heating
values, which are important for biofuel applications. Similarly,
Dong et al. (2024) explored hydrothermal liquefaction of
different algae species to improve bio-crude quality and
carbohydrate utilization and discovered significant
improvements in bio-crude quality as temperature increased.

Furthermore, the HTL process reduces costs while also
producing beneficial byproducts. An investigation by Brilman
et al. (2017) studied the hydrothermal co-liquefaction of
microalgae (Desmodesmus sp.), pine wood, and sugar beet
pulp to enhance the economic viability and scalability of the
HTL process. The study used these biomass types for their
distinct properties: high protein content in microalgae,
significant lignin content in wood, and high carbohydrate
content in sugar beet pulp. In a stainless-steel autoclave, the
biomass blends were heated at 250 °C and 350 °C for 10 min
to complete the HTL process. The bio-crude was refined by
isolating it from the aqueous phase using dichloromethane,
vacuum filtration, and centrifugation, then solvent
evaporation. Results showed that co-liquefaction led to
significant interaction effects, yielding bio-crude 15%—40%
than predicted from single-feed liquefaction.
Microalgae-containing mixtures produced bio-crude with
increased nitrogen content and higher molecular mass
components, indicating that other biomass components
were decomposed more efficiently; this effect became more
evident at 350 °C. Microalgae facilitated the breakdown of
lignocellulosic and carbohydrate-rich biomass but did not
produce better bio-crude yields (Brilman et al., 2017).

The economic viability of algal biofuels has been thoroughly
studied, providing significantinsights into the costs associated
with various production systems and methodologies also
applicable to bio-binder manufacturing. Gouveia and Oliveira
(2009) also investigated the economic aspects of microalgae
production systems. They emphasized the potential for co-

lower

products like pigments and antioxidants to boost the overall
economic viability of algae biofuel production. This strategy
can be applied to bio-binder production, where combining
biofuel and bio-binder synthesis can improve economic
feasibility by optimizing the value of algal biomass.
Richardson et al. (2014) studied how different harvesting and
extraction processes affected the economic viability of algae
biofuels. They used the farm-level algae risk model (FARM) to
assess the economic viability of algal lipid production on
farms employing various technologies over ten years. The
study compared standard centrifuge harvesting to
electrocoagulation (EC), which revealed that EC dramatically
lowered the cost of lipid manufacturing. Furthermore, the
combination of hydrothermal liquefaction, catalytic
hydrothermal gasification (HTL-CHG), and pyrolysis for
extraction showed significant gains in net present value
(NPV) and reductions in production costs.

Also, Gautam and Vinu (2020) investigated the kinetics of
converting algae to biofuels using pyrolysis and HTL. They
emphasize the importance of controlling reaction variables
such as temperature, pressure, and reaction time to
optimize bio-oil yields and improve quality. Their kinetic
models anticipate the behavior of algae components in
various situations, which is critical for industrial scaling.
The employment of catalysts, such as zeolites and metal
oxides, increases process efficiency and selectivity. These
catalysts aid in deoxygenation, producing higher-quality bio-
oil equivalent to conventional fuels.

Furthermore, Gautam and Vinu (2020) studied the
conversion paths of biochemical components in algae,
noting that lipids convert into hydrocarbons. In contrast,
proteins and carbohydrates undergo complicated processes
to generate various products. Da Costa Magalhaes et al.
(2023) studied the continuous HTL of algal biomass,
specifically Chlorella Sorokiniana and Chlorella Vulgaris.
They demonstrate the feasibility and scalability of
continuous HTL, which maintains consistent product quality
and effectively manages byproducts while addressing the
challenges associated with batch processing by catalytically
upgrading bio-oil using nickel-based and noble metal
catalysts during hydrotreatment to improve hydrogenation
and deoxygenation. They claim significant advances in bio-
oil stability and use, with lower viscosity and corrosiveness,
making it appropriate for a larger range of applications,
including transportation fuels.

Allin all, applying algal biomass as a feedstock to produce
biofuels presents significant potential because of its high
productivity, favorable environmental effects, and economic
feasibility. The production of commercially feasible and sus-
tainable bio-binders from algae biomass is now possible due
to biofuel research, which has produced technological ad-
vancements and economic insights that are directly trans-
ferable to bio-binders synthesis.

4. Bio-binder production from algal biomass
through HTL and comparison of properties

HTL is frequently used to transform biomass, notably algae,
into biofuels, bio-crude, and bio-oils. However, it is not
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frequently utilized to rejuvenate reclaimed asphalt binder or
to offer a green alternative or extensor for asphalt binder. In
the existing body of research, the potential of HTL to produce
performing bio-binders that could directly replace or extend
conventional asphalt binders is yet largely unexplored. A
summary of the research to produce bio-binders from
different algae is presented in Table 3.

One of the most recent methods of producing bio-binders
or part of their constituents is through HTL. Low HTL tem-
perature produces a more viscous crude oil than other
methods, which is the most suitable for producing bio-binders
(Rolland et al., 2020a). As shown in Fig. 3, bio-binder
production occurs between 250 °C and 270 °C under
pressures ranging between 40 bar (4.0 MPa) and 55 bar
(5.5 MPa).

Chailleux et al. (2012) have contributed significantly to
developing sustainable bio-binders from algal biomass,
particularly using HTL. Their ten years of work have been
incorporated into this comprehensive literature review,
providing a cohesive narrative about algae-based bio-
binders' evolution and future possibilities. Chailleux's
Algoroute Project, which aims to generate bio-binders from
microalgae leftovers from biodiesel manufacturing, began in
2012. The purpose of this study was to convert microalgae
waste into long-lasting binders for use in road construction.
Different fractions generated from microalgae demonstrated
thermomechanical properties like ordinary bitumen. These
bio-binders, which provide a renewable option for
petroleum-based binders in asphalt mixtures, performed
well in rheological testing. The experiment results
demonstrated that microalgae might be a practical source of
sustainable materials for the construction industry,
highlighting the possibility of lowering the dependency on
non-renewable resources while addressing environmental
impacts.

Using the Algoroute project as a starting point, Audo et al.
(2015) and Chailleux explored the subcritical HTL of
microalgae residues. This study demonstrated the need to
repurpose surplus microalgae to make useable products,
creating a circular economy. The HTL process was carried
out under subcritical conditions, resulting in a bio-crude
that could be further processed into bio-binders with
adequate flexibility and adhesion, much like conventional
bitumen. Furthermore, the study offered light on how to
tune HTL parameters such as temperature, pressure, and
reaction time to boost yield and improve the quality of the
produced bio-binders.

In 2018, Borghol et al. (2018b) conducted two crucial studies
on the HTL of Spirulina sp. Microalgae, the first of which
aimed to optimize the HTL process to produce bitumen-like
compounds. The method entailed heating Spirulina sp.
residues to 260 °C for 400 min at up to 50 bars of autogenous
pressure in HTL. The reaction was exothermic, which had a
significant impact on heat regulation throughout the
operation. The product was a hydrophobic polymer with
properties like elastomeric bio-binders, demonstrating
microalgae's potential as a sustainable feedstock for bio-
binder production. This study stressed the importance of
precise heat management during HTL to produce efficient
conversion and high-quality results. It also highlighted the

potential of Spirulina sp. to generate bio-binders with
increased characteristics appropriate for various uses in the
building industry. The second study examined various
microalgae feedstocks that affected the HTL procedure. To
ascertain which microalgae species offered the highest
output and quality of bio-crude for bio-binder
manufacturing, the researchers compared various species,
including Spirulina sp. and Scenedesmus sp. They
discovered that the type of microalgae had a major impact
on the effectiveness and characteristics of the bio-crude that
was produced, which offered valuable information about
choosing the best feedstocks for manufacturing bio-binders.
This study showed that Scenedesmus sp. produced a non-
water-soluble fraction that resembled petroleum-based
binders regarding rheological characteristics, suggesting that
it might be used as a direct substitute. On the other hand,
the Spirulina sp. bio-binder demonstrated viscoelastic
behavior similar to binders rich in elastomers, indicating its
potential application as an asphalt modifier (Borghol et al,,
2018a).

4.1. Properties of HTL-derived bio-binders from algal
biomass

In 2019, Rolland et al. (2019) examined the kinetics of biobased
bitumen synthesis from microalgae biomass. The study aimed
to determine the best conditions for manufacturing bio-
binder from Spirulina sp. leftovers by comparing
hydrothermal carbonization (HTC) and hydrothermal
liquefaction (HTL) procedures. The HTL studies were carried
out at 260 °C for 1 h in a 300 mL Parr reactor with a biomass-
to-water ratio of 1:4. The findings revealed that the ideal
temperature range for synthesizing bio-binder with good
viscoelastic characteristics was between 240 °C and 260 °C.
Under these conditions, a water-insoluble viscous substance
was produced, yielding around 50%. Using GC x GC-MS, GPC,
FT-IR, NMR, and other analytical techniques, the study
examined the composition of the HTL products and found
that the bio-binder was comprised of an oily fatty acid-based
fraction combined with both organic and inorganic solid
residues. Particularly at intermediate HTL temperatures, the
rheological investigation revealed that the bio-binder
derived from Spirulina sp. possessed qualities akin to those
of an elastomer-containing petroleum binder. The
production and purity of bio-binder can be maximized by
controlling reaction conditions, as this study demonstrated
(Rolland et al., 2019).

Later, in 2020, Rolland et al. (2020a) expanded on the
research by investigating the creation of biobased bitumen-
like materials during microalgae residue heat transfer. They
initially examined how reaction enthalpy affected the HTL
process. They used 42.7 g of dry spirulina sp. residues and
180 mL of osmosed water to treat the biomass for 400 min at
260 °C, 50 bar. The exothermic process began above 200 °C,
severely affecting heat regulation. The total reaction
enthalpy was predicted to be around -1.7 MJ/kg dry
biomass. The reactor was thermally insulated to improve
enthalpy measurement and prevent heat loss. This approach
successfully converted Spirulina sp. residues into bio-
binders with properties similar to elastomeric bio-binders. In
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Table 3 — Production of bio-binder from HTL of algae research summary 2012—2024.

Author/ Type HTL HTL Residence Feedstock Yield Bio-binder Bio-binder
citation of algae temperature pressure time amount formulation property
Chailleux et al. Microalgae Used soxhlet = = 4 g of microalgae 22% cumulative  Microalgae oil with ~ Thermo fusible
(2012) extraction powder in 70 mL yield from free fatty acids and  viscoelastic material
cellulose thimble successive algaenans. with adjustable
extractions properties.

Audo et al. (2015) Scenedesmus sp. 250 °C—300 °C 0.8—50.0 bar 0—60 min 41.5 g of freeze-dried Up to 45% bio-0il Water-insoluble HTL Viscoelastic properties
microalgae in 4 mL/g fraction: oily fatty similar to petroleum-
deionized water acids, organic and based bitumen;

(50 mL reactor); 130 g inorganic residues.  influenced by HTL
microalgae in 520 mL conditions.
deionized water (1L
reactor)
Dhasmana et al.  Spirulina algae 300 °C 10—12 MPa 30—60 min 800 g of feedstock 32.6% (spirulina  Bio-binder from Different from
(2015) (microalgae), slurry algae) spirulina and conventional binder;
nanoalgae nanoalgae, blended increased range, higher
with PG 64-22 binder asphaltenes, stiffer after
(1:8) aging, potential softener
for recycled asphalt;
elastic-like, high
modulus, better bond
strength but more
moisture sensitive.

Borghol et al. Scenedesmus sp., 260 °C Not specified 60 min Biomass/water ratio  50% Non-water soluble Scenedesmus: similar to

(2018a) spirulina of 1:4 (39 g of freeze- (scenedesmus),  HTL product petroleum bitumen;
dried microalgae 48% (spirulina) spirulina: similar to
residues and 156 mL elastomer-loaded bio-
of distilled water) binder.

Borghol et al. Spirulina sp. 220 °C—300°C Maximum 60 min 21 gor 39 g of 50% (water- Water-insoluble Similar to elastomer-

(2018b) (optimal 200 bars microalgae in 4 mL/g insoluble viscous material, containing bitumen,

240 °C— (20 MPa) water (loading factor fraction) elastomeric optimal at 240 °C—260 °C
260 °C) 0.3 and 0.6) bitumen-like for elasticity and
properties. stiffness.

Rolland et al. Spirulina sp. 260 °C 50 bar 60 min 45 g of spirulina 53% hydrophobic Oil phase and solid  Similar to conventional

(2019) residue (dry weight), phase (bitumen- residues. bitumen; solid at low
water volume like) and fluid at high
loading: 60% temperatures.

Rolland et al. Spirulina sp. 260 °C Autogenous 220 min 45 g of spirulina 50% Hydrophobic phase  Elastomeric bio-binder-

(20204, b) pressure residues (dry mass mimicking like properties; CO, and

(approx. 5 MPa) 42.7 g) and 180 mL of elastomeric bio- water-soluble
water (biomass to binders. byproducts.

water ratio of 0.25)

(continued on next page)
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Table 3 — (continued)

Author/ Type HTL HTL Residence Feedstock Yield Bio-binder Bio-binder
citation of algae temperature pressure time amount formulation property
Rolland et al. Spirulina sp. 260 °C Autogenous 0, 60, and 400 min 45 g of spirulina 54% at 60 min, Filtered hydrophobic 60 min: elastomeric bio-
(2020a, b) pressure (approx. residues (dry mass ~ 49% at400 min  fraction to obtain binder; 400 min:
5 MPa) 42.7 g) with 180 mL of (hydrophobic pure bitumen-like conventional bitumen,

osmosed water phase); 34% at material. softer.

(biomass to water 400 min (oil yield)

ratio of 0.25)

Pahlavan et al. Galdieria 330 °C = Not specified 1:1 ratio of algae and — Swilgae (4:1 algae to  Effective rejuvenation;
(2020) (bio- sulphuraria—swine (typically 30 min) swine manure (12.5g swine manure) and decreased asphaltenes,
rejuvenator) manure co- dry algae and 12.5 g various ratios increased stability, and

liquefaction swine manure, total moisture resistance.
25 g dry weight in
100 mL water)

Samieadel et al.  Galdieria 330 °C 20 MPa 60 min 12.5 gdry algae alone — Bio-rejuvenator from Algae: improved
(2020) (bio- sulphuraria—swine and a mixture of algae alone and rheology, reduced
rejuvenator) manure 12.5 g dry algae with algae-manure mix  viscosity, increased

Co-liquefaction 12.5 g swine manure added to aged elasticity; algae-manure
(50% algae, 50% bitumen (10%). mix: better
swine manure) rejuvenation,
deagglomeration,
moisture resistance.

Mousavi et al., Cyanidioschyzon 330°C = = 20% concentration = Algae oil, swine Low moisture
2020 (bio- merolae—swine by dry weight in manure oil, co- susceptibility for co-
rejuvenator) manure distilled water liquified blend, and liquefied oil, moderate

Co-liquefaction waste vegetable oil  for algae and swine oil,
at 5% and 10% by high for waste vegetable
binder weight. oil.

Cardenas Spirulina sp. (residue 260 °C 53 bar (approx. 1Sminto7h 20 g of crushed 42%—48% HTL with ZrO,, CeO,, Similar to petroleum
Velandia et al.  called spirugrass) 5.3 MPa) spirugrass and 80 mL Ce(NOs)3-6H,0 bitumen; improved
(2021) of distilled water (4:1 catalysts; optimized molecular weight and

ratio) rheological viscoelasticity with
properties. time.

Geantet et al. Scenedesmus sp. 260 °C = 60 min 29.9 g algae to 39% (without HTL of scenedesmus Similar to petroleum
(2022) residues 119.6 mL water catalyst), 42% sp. with/without bitumen; high nitrogen

(with catalyst) cerium nitrate content and aromaticity.
catalyst

Pahlavan et al. Multiple types of 320 °C— 19.3—20.6 MPa Continuous-flow Varies, e.g., 4:1 mass — Bio-oils mixed into ~ MISTI: effective at 3%,

(2024) (bio-
rejuvenator)

algae—wood and EBS 340 °C
co-liquefaction

system

ratio of algae to EBS,
1:4 mass ratio of
algae to wood
powder

bitumen at 3% and
6% by weight

less at 6%; moisture
susceptibility increases
with dosage; thermal
and UV stability.

[4:1
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Fig. 3 — Typical hydrothermal liquefaction conditions to
produce bio-binder (Rolland et al., 2020a).

this section of the study, they stressed the significance of
managing reaction enthalpy to optimize the HTL process
and improve bio-binder quality. They successively examined
the impact of residence time on the HTL products. In order
to initiate hydrothermal carbonization (HTC) and HTL during
the isothermal plateau, the reactor was heated to 260 °C.
They found that 60 min was the ideal residence time at
260 °C, producing a hydrophobic phase with rheological
characteristics similar to elastomeric bio-binders. The
produced solid residues could be removed to create a pure,
binder-like material. Longer residence times increased the
formation of gas and water-soluble compounds while
decreasing the yield of the hydrophobic phase in
experiments with different residence lengths (0, 60, and
400 min). According to the main findings, the process of
creating bio-binders starts with HTC producing biochar,
which is then liquefied to obtain a product that resembles a
binder after 60 min and a product that resembles a bio-
crude after 400 min. Effective fractionation can adjust the
characteristics of the bio-binder to conform to elastomeric,
PmB, or conventional binders. This thorough analysis
yielded insightful information about optimizing HTL settings
to increase effectiveness and bio-binder quality (Rolland
et al., 2020b).

Dhasmana et al. (2015) investigated the synthesis and
characterization of bio-binders derived from spirulina algae
and nanoalgae using hydrothermal liquefaction (HTL). This
process converts algae into bio-crude oil at temperatures of
200 °C—350 °C and 5—15 MPa pressures. The bio-crude oil is
separated from the aqueous phase and solid residues
through vacuum filtration, followed by distillation to isolate
heavier fractions rich in asphaltenes and resins suitable for
asphalt applications. The chemical composition of the
resulting bio-binder is verified using SARA (saturates,
aromatics, resins, and asphaltenes) analysis. Rheological
testing using a dynamic shear rheometer (DSR) revealed that
bio-binders from algae and nanoalgae are less rigid than
conventional asphalt binders, offering enhanced flexibility
and reducing the likelihood of cracking. Surface-free energy
measurements confirmed good adhesion properties essential
for pavement durability. However, aging studies showed

that these bio-binders become stiffer and more brittle over
time, presenting challenges for long-term use. Nanoalgae-
based bio-binders exhibited higher initial modulus values,
indicating greater rigidity, but also underwent significant
hardening and brittleness with aging. Despite these
promising properties, the long-term performance of algae-
based bio-binders remains a critical area for further
investigation (Dhasmana et al., 2015).

Bio-binders produced through hydrothermal liquefaction
(HTL) of algae at 260 °C for 60 min have been researched as
potential alternatives to traditional petroleum-based binders
in pavements. This section specifically compares and ana-
lyses the rheological properties of bio-binders derived from
similar HTL conditions, using findings from various studies
(Borghol et al., 2018a, 2018b; Cardenas Velandia et al., 2021,
Geantet et al., 2022). The comparison focuses on how
different processing methods and conditions affect the bio-
binders' performance relative to standard bitumen, PmBs,
and elastomer-rich bitumen, as illustrated in Fig. 4. For
instance, bio-binders studied by Audo et al. (2015), Borghol
et al. (2018a) using scenedesmus algae, and Rolland et al.
(2019) using oil only, along with non-catalytic bio-binders,
present viscoelastic properties within the range of standard
bitumen. These studies suggest that under these HTL
conditions, the resulting bio-binders exhibit characteristics
similar to conventional bitumen, making them suitable for
standard paving applications. In contrast, other studies
using slightly different HTL conditions or post-processing
methods reveal a different outcome. For example, Borghol
et al. (2018b) with a reaction temperature of 260 °C and a low
feed concentration (LF = 0.6), Rolland et al. (2019) using a
combination of oil and solid residue, and Borghol et al.
(2018b) using Spirulina algae, produce bio-binders that
mimic the rheological behavior of elastomer-rich binders
and PmBs. This change is primarily due to including the
total hydrophobic fraction (water-insoluble solids and bio-
crude), imparting significant elastic properties to the binder.
Such elasticity is advantageous in applications where high
resilience and flexibility are necessary, as it enables the
pavement to better absorb and recover from traffic-induced
stresses. The contrast in rheological behavior between these
bio-binders highlights the influence of HTL conditions and
processing methods. When the bio-crude is separated from
water-insoluble solids, the resulting binder exhibits
rheological properties similar to standard bitumen,
underscoring its potential for conventional pavement use.
Conversely, including the entire hydrophobic fraction leads
to a bio-binder with properties akin to PmBs or elastomer-
rich binders, suitable for more demanding applications.

The temperature susceptibility of binders is crucial for
determining their performance under varying climatic con-
ditions. Fig. 5 illustrates the temperature-dependent modulus
values for different bio-binders. At low and intermediate
temperatures, binders such as the Spirulina bio-binder
studied by Borghol et al. (2018a), the oil-only bio-binder from
Rolland et al. (2020b), and Borghol et al. (2018b) low feed
concentration bio-binder (T = 260 °C, LF = 0.6) exhibit low
modulus values, indicating good resistance to thermal and
fatigue cracking. At high temperatures, where high modulus
values are necessary to resist rutting, most bio-
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Fig. 4 — Rheology of bio-binders produced via HTL (Audo et al., 2015; Borghol et al., 2018a, 2018b; Cardenas Velandia et al.,

2021; Geantet et al., 2022; Rolland et al., 2019, 2020b).
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Fig. 5 — Rheology of bio-binders vs temperature (Audo et al., 2015; Borghol et al., 2018a, 2018b; Cardenas Velandia et al.,

2021; Geantet et al., 2022; Rolland et al., 2019, 2020b).

binders—including those from Geantet et al. (2022) and
Cardenas Velandia et al. (2021)—maintain very high
stiffness, demonstrating good rutting resistance similar to
that of PmB. However, Rolland et al. (2019, 2020b) oil-only
bio-binder has properties more similar to standard bitumen.
This high stiffness is essential for pavements exposed to
heavy traffic loads and high temperatures, as it prevents

permanent deformation and extends pavement life. The
range of modulus values across different temperatures
highlights bio-binders' adaptability to various environmental
conditions, making them versatile materials for sustainable
pavement construction. Additionally, the ability to fine-tune
bio-binder properties by adjusting HTL process parameters
or post-processing treatments allows for the development of
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customized solutions that enhance the reliability and
durability of pavement structures.

4.2. Properties of catalytic-HTL-derived bio-binders from
algal biomass

When regarding catalytic HTL of algae to produce bio-binders
the literature is limited and only recently started to be
explored. In 2021, Cardenas Velandia et al. (2021) researched
the catalytic HTL of algal residues for enhancing bio-binder
production. Adding catalysts to the HTL process significantly
boosted the yield and quality of bio-crude. The study
demonstrated how catalytic processes could increase bio-
binders' properties and maximize conversion efficiency,
making them more competitive with conventional bitumen.
The optimal temperature and time for producing the most
bio-oil were determined to be 275 °C for 30 min and 50 bar of
initial nitrogen pressure. This study improved the
knowledge of the catalytic mechanisms that can be
exploited to raise the quantity and quality of bio-crude.
Catalysts not only boosted the efficiency of the HTL process
but also produced bio-binders with superior rheological
properties, highlighting the potential of algae-derived
materials for road construction. Finally, in 2022, bio-binders
produced from HTL of microalgae residues
characterized by Geantet et al. (2022) using Fourier-
transform ion cyclotron resonance mass spectrometry (FT-
ICR MS). This novel analytical technique showed the
existence of high-molecular-weight molecules necessary for
the material's binding abilities, which also provided a deep
molecular understanding of bio-binders' composition. This
characterization opened the door to more effective bio-
binder manufacturing processes by helping to comprehend
and improve bio-binder performance in practical applications.

The rheological data provided in Fig. 6 compare the
viscoelastic behavior of various bio-binders produced
through catalytic HTL with standard bitumen (Borghol et al.,
2018a; Cardenas Velandia et al., 2021; Geantet et al., 2022).
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The data reveals that all catalytic bio-binders,
Ce(NO3)3-6H,0—1%—1 h (Cardenas Velandia et al., 2021),
ZrO,—10%—1 h (Cardenas Velandia et al., 2021), catalytic bio-
crude (Geantet et al., 2022), and non-catalytic bio-binders
demonstrate a similar trend in their rheological properties,
indicative of typical standard bitumen behaviors.

The provided temperature susceptibility data (Borghol
et al., 2018a; Cardenas Velandia et al., 2021; Geantet et al.,
2022) illustrates the behavior of various catalytic and non-
catalytic bio-binders compared to standard bitumen. Fig. 6
shows that the non-catalytic bio-binders from Cardenas
Velandia et al. (2021) and Geantet et al. (2022) exhibit a
behavior similar to the selected standard bitumen. However,
they tend to be slightly stiffer and less susceptible to
temperature changes. This suggests that these non-catalytic
bio-binders can better maintain their mechanical integrity
under varying temperatures, which is desirable for materials
used in pavement engineering. In contrast, the catalytic bio-
binders show higher stiffness, particularly the Cardenas
Velandia et al. (2021) ZrO,—10%—1 h formulation,
demonstrating the best performance at high temperatures
among all the bio-binders reported, even higher than that of
PmB. This indicates that adding ZrO, as a catalyst enhances
the high-temperature performance of the bio-binder,
making it more resistant to deformation and better suited
for applications in environments with extreme temperature
variations. Ce(NO3)s-6H,0—1%—1 h bio-binder also performs
well, although not as pronounced as the ZrO,—10%—1 h
variant (Cardenas Velandia et al., 2021). The observed high
stiffness in catalytic bio-binders suggests improved
structural properties, likely due to the interaction between
the catalyst and the bio-binder matrix, resulting in a more
robust material. This enhanced performance is particularly
beneficial for applications requiring high durability and
resistance to thermal stresses. Applying catalytic HTL to
derive bio-binders could provide a method to adjust the
characteristics of the bio-binders to achieve higher
performance grades (Fig. 7).
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Fig. 6 — Rheology of catalytic bio-binder produced visa HTL (Borghol et al., 2018a; Cardenas Velandia et al., 2021; Geantet

et al., 2022).
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4.3. HTL-derived bio-rejuvenator from co-liquefaction of
algal biomass

Additionally, studies have demonstrated that binder rejuve-
nation may be achieved with bio-crude from algae and other
biomass co-liquefaction. Co-liquefaction is the HTL of a
mixture of multiple biomasses. In order to create a bio-reju-
venator for aged asphalt, Pahlavan et al. investigated the co-
liquefying of high-protein algae and high-lipid swine manure.
4:1 algae-to-swine manure mix was the ideal ratio for the HTL
process, carried out at 330 °C with a 1:4 biomass-to-water
ratio. This blend, known as “Swilgae”, yielded a bio-oil high in
fused aromatics that contained nitrogen, essential for
repairing aged asphalt's chemical equilibrium and molecular
structure. GC—MS analysis of the bio-oil's chemical makeup
identified long-chain hydrocarbons, other polar chemicals,
and cyclic and acyclic nitrogen compounds. These substances
improved the rheological characteristics of asphalt by effi-
ciently breaking up asphaltene agglomerates. Density func-
tional theory (DFT) simulations demonstrated that molecules
carrying nitrogen disassembled asphaltene structures,
enhancing their flexibility and anti-aging properties. Signifi-
cant gains in crossover modulus and frequency were shown
by rheological tests, suggesting that the rejuvenated asphalt
was performing better. More evidence for the effectiveness of
bio-oil in re-establishing the balance of saturates, aromatics,
resins, and asphaltenes similar to that of unaged asphalt
came from the SARA fraction study and colloidal stability
index (CI) (Pahlavan et al., 2020). Pahlavan et al. (2024),
concentrated on turning bio-waste into bio-rejuvenators for
road infrastructure, focusing on improved durability and CO,
sequestration. The HTL process used 320 °C—340 °C and
19-20 MPa pressures to extract bio-oil from biowaste
sources such as harvested algal blooms and biomass
supplied from wastewater, with slurry concentrations
ranging from 12% to 20% solids. Optimized lipid content and

decreased ash can be achieved by combining biowaste
ratios, such as a 4:1 mixture of algal biomass to Engineered
Bio-Slurry (EBS®), a proprietary produced of Waste
Management in the United States that consists of processed
urban food waste. Bitumen was modified using bio-oils; 3%
and 6% initially adopted. The findings
demonstrated that bio-oils enhanced moisture resistance,
UV sensitivity, and thermal stability; bio-oils with a higher
aliphatic content continued to be more ductile after heating.
According to rheological studies, bitumen's characteristics
were improved by 3% Dbio-oil through improved
intermolecular interactions at the bitumen-aggregate
interface. Lower shear-thinning values were obtained by
reducing these interactions with a 6% dosage. Algae-1
showed improved thermal stability, but bio-oils with
reduced polarizability showed better resistance to aging and
moisture damage (Pahlavan et al., 2024).

Similarly, Samieadel et al. (2020) investigated how to
enhance the qualities of reclaimed asphalt by wusing
sustainable hybrid bio-rejuvenators made from high-protein
algae and high-lipid animal manure. The bio-rejuvenators
were made at 330 °C using HTL. The resulting bio-
rejuvenator replaced lost components of the aged asphalt
and successfully de-agglomerate oxidized asphaltenes.
Compared to bio-rejuvenators made from algae or manure
alone, a balanced feedstock of 50% algae and 50% manure
yielded better performance. Tests using the DSR revealed a
marked improvement in crossover modulus and frequency,
indicating improved viscosity and elasticity of the revitalized
bitumen. Gas chromatography-mass spectroscopy (GC-MS)
and thin-layer chromatography with flame ionization detec-
tion (TLC-FID) verified the existence of active chemicals that
enhanced the bitumen's characteristics (Samieadel et al.,
2020). Asphalt binders treated with bio-rejuvenators from
chlorella and spirulina algae were examined for moisture
susceptibility by Mousavi et al. (2020) The study assessed

doses were
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their impact on asphalt binders' properties. DSR tests showed
bio-rejuvenators improved rheological characteristics, while
moisture susceptibility tests confirmed enhanced resistance
to moisture-induced damage, crucial for pavement
durability. Chemical analysis revealed that beneficial
compounds in bio-rejuvenators played a key role in
performance enhancement (Mousavi et al., 2020).

5. Current limitations of HTL-derived bio-
binder from algal biomass

Using bio-binders produced from algal biomass offers various
prospective benefits, including sustainability, reduced envi-
ronmental impact, and potential performance improvements.
Bio-binders derived through HTL of algal biomass have
demonstrated promising rheological properties similar to
standard bitumen. With the ability to use catalysts and fine-
tuning HTL reaction parameters, it is possible to produce high-
performance bio-binders.

However, some substantial limitations and problems must
be overcome in order to permit their wider use in pavement
materials. However, significant challenges must be addressed
before these bio-binders can be widely used in pavement
materials. These include difficulties in scaling up production,
ensuring consistent quality, improving long-term durability,
and making them cost-competitive with traditional binders.
Additionally, the environmental and energy demands of the
HTL process, as well as the availability of sufficient algal
biomass, need careful consideration to make these bio-
binders a practical option on a larger scale.

5.1. Scalability

The scalability of bio-binder manufacturing depends heavily
on the availability and production yield of microalgae, which
are vital for producing these sustainable materials. Microalgae
exhibit high photosynthetic efficiency, outperforming terres-
trial plants, and can achieve biomass yields of 4—100 tons of
dry matter per hectare annually (Medeiros and Moreira, 2022).
However, the current cost of cultivating, harvesting, and
processing algae into bio-binders remains high. To reduce
these costs and meet industrial demands, advancements in
processing technologies and improved farming methods,
such as optimizing cultivation systems, cultivating non-
arable lands, and using wastewater. Innovations in these
areas are crucial for enabling large-scale bio-binder
production (Pate, 2013).

Scaling up bio-binder production through HTL faces sig-
nificant challenges. The low bulk density of biomass increases
transportation costs, necessitating decentralized processing.
Technologically, consistent processing of diverse feedstocks
and integration with existing infrastructure are critical hur-
dles. Financially, high capital and operational costs and mar-
ket establishment limit scalability. Additionally, expanding
the number and size of HTL plants is crucial, but this requires
substantial investment, which may not be feasible in many
regions (Ho et al., 2024). Overcoming these barriers will require
innovations in supply chain logistics, feedstock densification,

and decentralized processing
investments (Richard, 2010).

supported by strategic

5.2. Energy consumption

Manufacturing bio-binders through hydrothermal liquefac-
tion (HTL) presents significant energy-related limitations that
challenge the scalability and sustainability of the process.
Although HTL operates at lower temperatures than pyrolysis,
it still demands substantial energy to maintain the high
pressures and heat levels required to convert biomass into
bio-binders (Hoffmann, 2013). This high energy consumption
is a critical barrier to the widespread adoption of HTL for
industrial-scale bio-binder production. The need for large
energy inputs increases operational costs. It raises questions
about the overall environmental benefits of bio-binders if
the energy used in their production comes from non-
renewable sources.

Additionally, comprehensive life cycle analyses (LCA) are
essential for understanding the true environmental impact of
bio-binders. LCAs should evaluate the entire production
chain, from feedstock cultivation to the final application,
including energy consumption, greenhouse gas emissions,
water usage, and land use (Debowski et al., 2022). Water usage
is a significant limitation, especially in biomass cultivation,
where large quantities of water are often required, leading to
competition with other essential uses in water-scarce
regions. The extensive land use needed for large-scale
biomass production poses additional challenges, including
potential deforestation, habitat loss, and competition with
food crops. These issues can have profound ecological
impacts and, in some cases, may negate the benefits of
switching from traditional binders to bio-binders.

A detailed LCA can reveal whether the energy and re-
sources invested in producing bio-binders result in a lower
environmental footprint than conventional binders. Without
addressing these energy efficiency limitations and under-
standing the full life cycle impact, bio-binders may struggle to
deliver on their promise of sustainability.

5.3. Durability and climate effects

The long-term performance and durability of bio-binders
present significant limitations for their use in pavement ap-
plications. One of the primary concerns is bio-binders' sus-
ceptibility to aging and degradation. Unlike traditional
petroleum-based binders, bio-binders may be more prone to
hardening and loss of flexibility over time, which can lead to
pavement cracking and premature failure (Cao et al., 2019;
Castro-Alonso et al., 2023).

Environmental exposure further compounds the chal-
lenges associated with bio-binders. Their performance under
various conditions, including high temperatures, UV radia-
tion, moisture, and potential biological attacks (e.g., from
bacteria), is not yet fully reliable (Cao et al., 2019). Bio-binders,
like conventional binders, are susceptible to rutting, fatigue,
thermal cracking, and moisture damage, including stripping
(Aflaki et al., 2014). Additionally, there is a risk of harmful
substances leaching into water bodies, posing
environmental concerns that need careful consideration.
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The lack of proven long-term durability under these
conditions limits bio-binders' confidence for widespread use.

5.4. Economic and political challenges

The transition from petroleum-based bitumen to bio-binders
presents several economic and political challenges that need
careful consideration. One of the most significant obstacles is
the high initial cost of setting up bio-binder production facil-
ities, modifying existing infrastructure, and creating a reliable
supply chain for biomass like algae (Zhang et al., 2024). This
transition is not about replacing all existing roads at once
but rather involves gradually integrating bio-binders, for
example, by using them to recycle and rejuvenate reclaimed
asphalt pavement (RAP). Such a step-by-step approach could
ease the economic burden and make the transition more
feasible.

However, this shift could disrupt the well-established pe-
troleum-based bitumen market, deeply integrated into global
economies. The petroleum industry has significant influence,
and resistance from stakeholders with vested interests could
slow the adoption of bio-binders. Moreover, supportive pol-
icies and regulations are essential to facilitate this transition.
Governments must implement measures promoting sustain-
able construction materials and incentivize adopting bio-
binders. International cooperation and standardized regula-
tions will also ensure a smooth transition. Without these
economic, political, and regulatory efforts, the shift to bio-
binders will remain challenging despite their potential envi-
ronmental benefits.

5.5. Gaps in literature and future research

Developing and using bio-binders in pavement applications
represent a promising step toward sustainable infrastructure.
However, considerable gaps in the literature must be
addressed to move from experimental studies to widespread
practical application—one of the key gaps in understanding
the aging behavior of bio-binders. Unlike petroleum-based
binders, bio-binders may exhibit different aging mechanisms
due to their organic composition, which could make them
more susceptible to oxidation, UV exposure, and thermal
degradation. Comprehensive studies simulating short-term
and long-term under varied environmental conditions are
necessary. These studies should explore the mechanical
changes and the chemical evolution of the binders over time,
indicating how they will perform in real-world applications.

Another critical gap lies in the mix design of bio-binders
within asphalt mixtures. Current research often focuses on
bio-binders without sufficient attention to their interaction
with aggregates and other components within an asphalt mix.
Particularly important is the compatibility of bio-binders with
RAP. Given the emphasis on recycling and sustainability in
modern pavement engineering, it is crucial that bio-binders
can effectively rejuvenate aged bitumen in RAP while main-
taining overall mixture performance. This aspect is crucial for
the mechanical performance of pavements and the economic
viability of bio-binders as a replacement for traditional
materials.

There is a significant research gap in using additives and
modifiers for bio-binders. While traditional asphalt binders
benefit from polymer and other enhancements, similar stra-
tegies are underexplored for bio-binders. Investigating the
impact of modifiers like polymers, nanomaterials, and phase
change materials (PCMs) could enhance mechanical proper-
ties, durability, bond strength, and aging resistance and
facilitate better integration with recycled materials such as
RAP. Additionally, comprehensive rheological characteriza-
tion across a wider temperature range is needed. Beyond high-
temperature performance, understanding low- and
intermediate-temperature properties is crucial for preventing
cracking and fatigue. Integrating PCMs and other thermal
stabilizers could improve temperature resilience and bond
strength.

Furthermore, there should be an increased focus on the
chemical composition and its evolution over time. Combining
rheological and chemical analyses will provide a more
comprehensive understanding of bio-binders' behavior across
different climates and stress conditions. Exploring catalytic
HTL-derived bio-binders could provide a pathway to fine-tune
the characteristics of these bio-binders for achieving higher
performance grades.

Moreover, the adhesive properties of bio-binders and their
resistance to moisture damage are insufficiently character-
ized. This is particularly relevant in regions with high rainfall
or freeze-thaw cycles, where moisture-induced damage can
significantly reduce pavement life. The bond strength be-
tween bio-binders and various aggregates, especially under
moisture exposure, needs thorough investigation. This would
include studies on potential treatments or additives to
enhance adhesion and moisture resistance, ensuring that bio-
binders can perform reliably in all weather conditions.

Environmental impact analysis through life cycle assess-
ments (LCAs) is another area that requires more detailed
attention. Although bio-binders are often promoted as envi-
ronmentally friendly alternatives, comprehensive LCAs that
cover the entire production chain, from feedstock cultivation
through processing to end-of-life disposal, are necessary to
quantify these claims. These assessments should include
energy consumption, greenhouse gas emissions, and other
potential impacts such as water use, land use, and pollutant
leaching. Bio-binders' environmental performance should be
compared to conventional binders to provide a clear picture of
their sustainability.

Finally, the lack of standardized testing methodologies and
specifications for bio-binders is a significant barrier to their
adoption. Current pavement design and construction prac-
tices are based on well-established standards that have
evolved over decades. For bio-binders to be widely accepted,
they must be integrated into these existing frameworks. This
integration may initially involve adapting current standards
to accommodate bio-binders, with the eventual goal of
developing specific international standards that ensure con-
sistency and reliability in their application.

Several critical challenges must be addressed to advance
the adoption of bio-binders as a sustainable alternative to
petroleum-based binders. Understanding their aging pro-
cesses better, optimizing mix design compatibility, and
refining rheological performance across temperature ranges is
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crucial. Improving adhesion properties and thoroughly
assessing environmental impacts will also lay the ground-
work for integrating bio-binders into contemporary pavement
systems. Establishing standardized testing methods will
further ensure that bio-binders can reliably meet the demands
of real-world applications, supporting their role in developing
environmentally responsible infrastructure.

6. Conclusions

This review demonstrates the potential of HTL-derived bio-
binders as a sustainable alternative to petroleum-based
bitumen. HTL efficiently processes wet algal biomass, pro-
ducing bio-crude with rheological properties comparable to
conventional binders. These bio-binders offer key advantages,
including lower energy consumption than pyrolysis, envi-
ronmental benefits such as reduced carbon footprint and
renewable feedstock, and viscoelastic properties suitable for
paving applications. However, challenges remain in scalabil-
ity, energy efficiency, and long-term performance, requiring
further optimization of production processes to improve yield
and consistency. Additionally, comprehensive life cycle as-
sessments (LCA) are needed to quantify sustainability and
further testing on durability, moisture resistance, and aging
behavior to ensure long-term reliability. Future research
should focus on field trials, economic feasibility, and stan-
dardization to facilitate large-scale adoption. Collaboration
between researchers, industry, and policymakers is essential
to bridge the gap between laboratory development and real-
world infrastructure applications. Overcoming these barriers
will be key to integrating bio-binders into sustainable road
construction, reducing dependence on fossil-based binders,
and contributing to more environmentally friendly infra-
structure solutions.
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