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• Microalgae bio-oil (MB) is a renewable
fuel for sustainability and circular
economy.

• Pyrolysis and hydrothermal liquefaction
process for MB production are
scrutinized.

• Advanced technologies and challenges
of MB production are discussed in detail.

• MB with 46 MJ/kg of heating value and
60% of yield is produced at optimal
condition.
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A B S T R A C T

Microalgae have great potential in producing energy-dense and valuable products via thermochemical processes. 
Therefore, producing alternative bio-oil to fossil fuel from microalgae has rapidly gained popularity due to its 
environmentally friendly process and elevated productivity. This current work aims to review comprehensively 
the microalgae bio-oil production using pyrolysis and hydrothermal liquefaction. In addition, core mechanisms 

* Corresponding author at: HUTECH University, Ho Chi Minh City, Vietnam.
E-mail address: hatuan@hutech.edu.vn (A.T. Hoang).

https://doi.org/10.1016/j.biortech.2023.128860 

mailto:hatuan@hutech.edu.vn
https://doi.org/10.1016/j.biortech.2023.128860
https://doi.org/10.1016/j.biortech.2023.128860
https://doi.org/10.1016/j.biortech.2023.128860
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2023.128860&domain=pdf


Sustainable biofuels 
Circular economy 

of pyrolysis and hydrothermal liquefaction process for microalgae were scrutinized, showing that the presence of 
lipids and proteins could contribute to forming a large amount of compounds containing O and N elements in bio- 
oil. However, applying proper catalysts and advanced technologies for the two aforementioned approaches could 
improve the quality, heating value, and yield of microalgae bio-oil. In general, microalgae bio-oil produced under 
optimal conditions could have 46 MJ/kg heating value and 60% yield, indicating that microalgae bio-oil could 
become a promising alternative fuel for transportation and power generation.   

1. Introduction

Today, global activities such as industrial production and trans
portation are primarily dependent on fossil fuels (Chowdhury et al., 
2021). However, when fossil fuels are burnt, nitrogen oxides are 
released into the atmosphere, causing acid rain, smog, and greenhouse 
gas emissions (Bakır et al., 2022; Lee et al., 2020b). Due to this reason, 
alternative fuel sources to fossil fuels are under investigation, creating 
the prospect for many renewable sources. 

Admittedly, a variety of biofuel types and generations from biomass 
have been suggested as fossil fuel alternatives to lessen existing and 
possible risks in the energy industry. However, the production of first- 
generation biofuel from crop plants and second-generation biofuel 
from lignocellulosic biomass is not sustainable due to the limited supply 
of land for crops and plants (Thanigaivel et al., 2022; Foong et al., 2022). 
Resultantly, aquatic biomass garnered much interest in place of terres
trial biomass as a feedstock for third-generation biofuels. Among 
available aquatic biomass sources, microalgae are known as a potential 
source for producing biofuels because of their high yield and short 
growth cycle (Hoang et al., 2022). In addition, microalgae could adapt 
to many water sources, especially wastewater could use for cultivating 
microalgae. 

Being one of the potential alternative fuel sources, bio-oil is 
considered to be sustainable, renewable, environmentally friendly, and 
relatively cheaper than other biofuels, making it a substitute for fossil 
fuels (Escalante et al., 2022). More importantly, microalgae-derived bio- 
oil (MB) displays a higher content of carbon and nitrogen and a lower 
content of oxygen than bio-oil generated from other biomass (Oasmaa 
et al., 2021). Besides, rich content of aromatic hydrocarbon was also 
found in MB (Wang et al., 2022). As reported in the literature, micro
algae could be converted into numerous biofuels via two distinct pro
cesses, biochemical and thermochemical processes. Nonetheless, higher 
energy conversion, shorter reaction times, and inexpensive production 
costs are found to be the main advantages of the thermochemical process 
relative to the biochemical one (Choudhary et al., 2022), indicating that 
the thermochemical technique is considered one of the most suitable 
conversion paths for the production of microalgae-derived biofuels. 
Wang et al. (2020) recommended that the thermochemical conversion of 
microalgae could be considered as a promising advancement and lead to 
high-value products with the potential for further implementation. Ac
cording to (Aysu et al., 2017), the most prospective thermochemical 
conversion technologies for manufacturing liquid biofuels are hydro
thermal liquefaction (HTL) and pyrolysis, in which their critical char
acteristics were given in Table 1. 

However, it could be realized that there has been a lack of compre
hensive reviews of the characteristics and mechanisms of product for
mation in the pyrolysis and HTL process of microalgae. Therefore, the 
novelty of this paper is to highlight the critical characteristics of py
rolysis and HTL technologies in producing MB. More importantly, crit
ical mechanisms of the two above-mentioned thermochemical 
technologies in converting the microalgae components into bio-oil are 
discussed in detail and scrutinized. In short, this current review could 
provide further understanding and fill the gaps in MB production aiming 
to open the promising and potential change in the application of MB to 
the real world, contributing to the success of commercial strategies. 

2. Microalgae: Components and characteristics

Microalgae, with up to approximately 800,000 estimated species, are
commonly referred to as microphytes, which are small and unicellular 
plant organisms (Salbitani et al., 2022). Microalgae are thought to 
possess many advantages as utilizing them as an energy feedstock since 
microalgae do not contain sulfur, have a quick rate of growth, and have a 
cellular structure that is not suitable for human consumption (Siddiki 
et al., 2022). Besides, microalgae can be a promising carbon–neutral 
biofuel source due to their ability to perform photosynthesis and develop 
by absorbing CO2 and generating approximately half of O2 in the at
mosphere (Sathya et al., 2023). As per biochemical analysis, microalgae 
include lipids (0.9–77%), proteins (6.0–71%), and carbohydrates 
(4.0–83.6%) (Gu et al., 2020). Microalgae lipid content varies signifi
cantly according to species, as well as is greatly dependent on the stages 
of the growth process and cultivation conditions. In addition, micro
algae have a high protein content, which has a huge impact on the ni
trogen content in the products, and the nitrogen component will thus 
either devolatilize during the pyrolysis process and/or persist in the 

Table 1 
Characteristics of pyrolysis and hydrothermal liquefaction process for biofuel 
production from microalgae.  

Thermochemical 
process 

Pyrolysis Hydrothermal 
liquefaction 

Aim Thermochemical conversion 
of microalgae into the 
aqueous phase 

Thermochemical conversion 
of microalgae into liquid 
fuels  

Advantages  – Low cost and easy 
operation for handling a 
broad range of feedstocks;

– Reduction in the amount 
of waste sent to landfills 
and greenhouse gas;

– Lowering the likelihood of 
water contamination;

– Not very high-energy 
intensive due to low 
operation temperature;

– High energy-to-weight 
ratio proportion 
compared to the initial 
component;

– No requirement for drying 
and pretreating;

– All compositions 
including lipids, protein, 
and carbohydrates could 
be converted to bio-oil;

– Obtained products having 
low-oxygen content, high 
stability, and HHV.

Disadvantages  – The product flow is more 
complicated than most of 
the other alternate 
procedures;

– Due to the high CO levels, 
the product gases cannot 
be discharged directly 
into the cabin without 
further processing;

– A large amount of energy 
is required for drying;

– Extreme processing 
constraints, sufficiently 
high point;

– Bio-oil with increased 
oxygen content in 
comparison to heating 
value;

– Requirement for 
sophisticated autoclaves;

– Inability to observe the 
crystal as it develops;

References (Auersvald et al., 2020; Chen 
et al., 2021b; Varsha et al., 
2021) 

(Masoumi and Dalai, 2021; 
Alherbawi et al., 2021; 
Sharma et al., 2021)  
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3. Pyrolysis technologies

Microalgae are known to contain carbohydrates, lipids, and proteins,
which enable their conversion using the pyrolysis process to produce 
various components such as non-condensable gases, bio-oil, and bio- 
char. Bio-oil attained from the microalgae pyrolysis could be 
employed in chemical industries and energy fields in various separate or 
combined ways (Sabariswaran et al., 2022). In this section, the char
acteristics and mechanisms of conventional and advanced pyrolysis 
technology for microalgae are completely presented and analyzed. In 
general, the relationship between operating conditions and pyrolysis 
modes with obtained product properties could be depicted in Fig. 1. 

3.1. Pyrolysis mechanism 

To study the mechanism and kinetics of microalgae pyrolysis, ther
mogravimetric analysis (TGA) and derivative thermogravimetric (DTG) 
would be considered as the popular methods. A particular TGA and DTG 
curve for the microalgae pyrolysis could be lotted in Fig. 2a, in which it 
could be seen the loss and decomposition of major components such as 
lipids, protein, and carbohydrates in microalgae at different tempera
tures (Li et al., 2021). Microalgae pyrolysis is found to include a large 
number of reactions in series and parallel, and could be categorized into 
three stages, as illustrated in Fig. 2b (Escalante et al., 2022), in which the 
thermal decomposition could be included three primary steps: (i) 
dehydration at temperatures <200 ◦C, (ii) devolatilization at tempera
tures of 200–400 ◦C, and (iii) decomposition of solid components at 
temperatures >500 ◦C (Escalante et al., 2022). During the microalgae 
pyrolysis process, the decomposition of proteins and carbohydrates is 
found at a temperature <400 ◦C (Pourkarimi et al., 2019), it could be 
because proteins and carbohydrates’ thermal stability is much lower 
than that of lipids (Hong et al., 2020). For proteins, some reactions like 

deamination, dehydration, deoxygenation decarboxylation, cracking, 
and cyclization are found to be the main pyrolysis mechanism, resulting 
in the formation of some N-containing compounds, phenols, aromatics, 
and intermediates. After that, phenols and intermediates could continue 
converting to aromatics and aliphatics (Azizi et al., 2020). Besides, 
protein pyrolysis-derived NH3 could also react/interact with fatty acids 
aiming to create long-chain amides/nitriles (Huang et al., 2022). In the 
case of carbohydrates, the pyrolysis process could generate oxygen- 
containing compounds and water. Indeed, a series of reactions 
including rearrangement, cracking, deoxygenation, decarbonylation, 
and dehydration could occur in the carbohydrate pyrolysis to produce 
ketones, alcohols, aldehydes, acids, and furans. In addition, aliphatics 
could be found as a portion of carbohydrate pyrolysis (Huang et al., 
2022). 

The main decomposition of lipids is found to occur at around 550 ◦C 
of temperature, in which the cracking and/or hydrolysis reactions play 
the main role in converting lipids compound of microalgae to fatty acids, 
followed by reactions of converting fatty acids to ketones, aldehydes, 
acids, alcohols, and alkenes. Furthermore, alkenes could be condensed 
based on the Diels–Alder principle or cyclized to produce aromatics 
(Yang et al., 2019). More importantly, it was found that the content of 
aliphatic compounds could be remarkably reduced in the case of lipid 
extraction from microalgae, indicating that lipids compounds play a 
critical part in forming aliphatic hydrocarbons through the pyrolysis 
process (Azizi et al., 2020). However, with higher pyrolysis tempera
tures (>600 ◦C), hydrocarbons with large molecular weight could be 
broken through secondary cracking reactions to create smaller molec
ular weight ones, leading to a reduction in the bio-oil yield (Zhong et al., 
2022). Normally, microalgae have a high moisture content, indicating 
that they should be dried before pyrolyzing but this drying process could 
increase energy consumption (Liu et al., 2021). For the kinetic study, the 
microalgae pyrolysis has activation energy ranging from 40 kJ/mol to 
250 kJ/mol (Söyler et al., 2017). The models for determining the 
apparent kinetic parameters were also comprehensively analyzed in 

Fig. 1. Pyrolysis classification, reactors, and conditions applied to microalgae to attain the maximum yield.  

pyrolytic bio-oil (Said et al., 2022). 



recent works (Chen et al., 2021a; Yang et al., 2019), showing that 
water–gas, oxidation, and water–gas shift reactions are predominant 
during microalgae pyrolysis. In general, the pyrolysis mechanism of 
microalgae could be illustrated in Fig. 2c. 

3.2. Pyrolysis for bio-oil production 

3.2.1. Conventional pyrolysis 
Fast pyrolysis is known as a systemic process, in which biomass is 

heated so rapidly enough that it could reach the optimum pyrolysis 
temperature before it is entirely decomposed (Gao et al., 2022). The 
prime element affecting bio-oil production in microalgae pyrolysis is the 
heating pace, microalgae type, reactor types, and reaction temperature 
(Xiong et al., 2022). However, the pyrolysis temperature is thought to be 
a more important parameter than the heating rate and it affects the yield 

of the obtained products. Indeed, most of the studies in the literature are 
to look for the optimum temperature for microalgae pyrolysis to get the 
maximum yield of bio-oil. Indeed, the effects of temperature in fast 
pyrolysis of Scenedesmus sp on bio-oil properties were investigated by 
(Derakhshandeh et al., 2021). Both a dynamic pyrolysis-GC/MS device 
and a fixed-bed reactor were implemented during pyrolysis. At the 
optimal temperature pyrolysis (≈ 500 ◦C), crude bio-oil with a calorific 
content of 35–40 MJ/kg and a yield of 35.3 wt% could be produced. The 
produced bio-oil was found to have a 6.92 wt% of nitrogen and a 16.45 
wt% of oxygen content, high-protein content of microalgae explaining 
the relatively high nitrogen level. Söyler et al. (2017b) conducted a 
study utilizing fast pyrolysis for the solid residue of Dunaliella tertiolecta 
microalgae to yield a 45.13 wt% of bio-oil at 600 ◦C, whereas char 
reached 29.34 wt%, indicating that it could be applied the fast pyrolysis 
process for D. tertiolecta to produce large quantities of renewable fuel 

Fig. 2. (a) – Pyrolysis kinetics of major components in microalgae (Li et al., 2021); (b) – Relationship between microalgae decomposition process and temperature 
(Escalante et al., 2022) (LN: 5470240951684); (c) – Pyrolysis mechanism of major components in microalgae (Huang et al., 2022). 



than those of other biomass such as agricultural by-products and wood. 
Therefore, some recent studies have proposed an advanced pretreatment 
method aiming to optimize the N and O element distribution in the 
obtained products after the fast pyrolysis process of microalgae. Zhang 
et al. (2019) reported that the oxygen contents in bio-oil from Chlorella 
sp. microalgae fast pyrolysis reduced by 17.8% when Chlorella sp. 
microalgae were pretreated by nitrogen torrefaction at 300 ◦C. In a 
recent study, Li et al. (2021) developed a novel NH3-based torrefaction 
pretreatment to enhance the applicability of Chlorella vulgaris for N- 
containing heterocyclic chemical production through the fast pyrolysis 
process. Interestingly, the N content in bio-oil obtained for fast pyrolysis 
of Chlorella vulgaris increased by 3.21% in contrast to the abatement of 
oxygen content by 14.35%. Generally, the features of the pyrolysis 
products are dependent on temperature, greater pyrolysis temperatures 
were found to produce more liquid and less gaseous products. Moreover, 
increasing the pyrolysis temperatures of microalgae could facilitate the 
pyrroles formation, as well as inhibit the pyridines and indoles 
formation. 

Flash pyrolysis could also be applied to the microalgae aiming to 
generate high-yield bio-oil. Maliutina et al. (2017) reported that the 
hydrocarbon-rich and nitrogen-containing bio-oil of Chlorella vulgaris 
microalgae through flash pyrolysis could get 60.22 wt% of yield at 
800 ◦C of temperature. However, the obtained pyrolytic bio-oil usually 
possesses high acid content and viscosity, instability, and contains 
solids/water dissolved in bio-oil (Palumbo et al., 2019), leading to 
additional upgrading technologies required to improve the quality of 
bio-oil (Yang et al., 2019). 

Fast pyrolysis was highlighted as the main path for generating 
hydrocarbon-rich bio-oil, while slow pyrolysis was indicated to not 
generate a high hydrocarbon-rich bio-oil because of the greater ten
dency of secondary reactions (Rocha et al., 2020). Slow-pyrolysis tech
nique is very advantageous for bio-char yield since it produces less liquid 
and gaseous products. In the case of slow pyrolysis for microalgae with a 
temperature >600 ◦C, biochar containing N-rich species could be 
formed more favorably than bio-oil formation (Akhtar et al., 2019). Two 
types of conventional and carbonization slow pyrolysis techniques with 
slow-paced heating rates and distinct reaction temperatures could be 
applied to microalgae pyrolysis (Miliotti et al., 2020). For slow pyroly
sis, the average production of bio-oil is 20–55% wt.%, and synthetic bio- 
crude oil has a high-calorie content value (Nazem and Tavakoli, 2017; 
Yang et al., 2019). For slow pyrolysis of Spirulina platensis, Rocha et al. 
(2020) found that there was a significant effect of the heating rate on the 
N-containing compounds’ formation and the bio-oil yield, they indi
cated that the liquid product could attain the maximum yield of 64.59%
at optimal conditions (556 ◦C of pyrolysis temperature and 10.24 ◦C/
min of heating rate). Besides, Bordoloi et al. (2016) evaluated the effects
of temperature on the compositions and yield of bio-oil generated by
slow pyrolysis of Scenedesmus dimorphus. They revealed that the
maximum yield and HHV of bio-oil were 39.6 wt% and 28.52 MJ/kg
along with the fraction of N-containing compounds in the pyrolytic bio- 
oil was 10.6 wt% at 500 ◦C of optimum temperature. Additionally, the
fraction of aromatic hydrocarbon was quite high, including 18% of n- 
hexane and 30% of toluene. However, when the pyrolysis temperature
continued increasing, the bio-oil yield significantly decreased (Wang
et al., 2017). From the aforementioned analysis, it could be stated that
the obtained products’ yield had a large dependence on pyrolysis con
ditions, showing that it is difficult to confirm what products (bio-oil,
syngas, or biochar) would be the primary products attained from the
microalgae slow-pyrolysis. Furthermore, there were a number of limi
tations in slow-pyrolysis technologies like long residence time (leading
to the cracking and secondary reactions of the main product), and
additional need for energy input, indicating that slow pyrolysis could
not be a suitable method for producing bio-oil with high yield from
microalgae (Pourkarimi et al., 2019b).

and chemicals. Andrade et al. (2018) evaluated the applicability of 
Chlamydomonas reinhardtii for the manufacture of chemicals and fuel 
through pyrolysis that was conducted at a temperature range of 
450–750 ◦C. As per non-catalytic fast pyrolysis, the number of hydro-
carbon compounds increased as the temperature rose while the number 
of oxygenated compounds declined. However, the pyrolysis of Chlamy-
domonas reinhardtii resulted in forming a large number of N-containing 
compounds due to the increasing level of protein composition. In a 
similar study, the outputs of N. gaditana pyrolysis under various condi-
tions were analyzed by (Adamczyk and Sajdak, 2018). As a result, they 
indicated that the highest concentration of alkenes and alkanes was 
found in the liquid at 500 ◦C, showing that the capability to utilize the 
bio-oil as potential biofuel from the pyrolysis of N. gaditana through the 
presence of hydrocarbons in the liquid product. 

The yield of the pyrolysis process is also significantly affected by 
microalgae types. Indeed, Azizi et al. (2020) evaluated the yield of bio- 
oil in the case of fast pyrolysis with the same conditions for Nanno-
chloropsis, Isochrysis galbana, and Tetraselmis. They reported that the bio- 
oil yield from Nannochloropsis, Tetraselmis, and Isochrysis galbana is 
26.79%, 24.33%, and 24.81%, respectively. A similar result of the bio- 
oil yield after conducting fast pyrolysis for four microalgae types was 
also reported by Arif et al. (2021). Relating to the effect of reactor types, 
Yuan et al. (2015) reported that the application of fast pyrolysis for 
Chlorella vulgaris could yield 32.69 wt% of bio-oil at a temperature of 
500 ◦C using the fixed-bed reactor. However, the fast pyrolysis of 
Chlorella vulgaris could produce bio-oil up to 53 wt% at the same tem-
perature as using the fluidized-bed reactor (Wang et al., 2013). Also, it 
was revealed that the bio-oil composition could also be noticeably 
affected by as-used gases for microalgae pyrolysis. Based on GC/MS 
analysis, the fast pyrolysis of microalgae based on CO2 could produce 
bio-oil possessing a larger amount of N and O-containing compounds 
and oxygenates, while bio-oil attained from the fast pyrolysis supported 
by steam could contain greater content of hydrocarbons that could be 
due to deoxygenation and steam reforming reactions (Hong et al., 2020). 
For the N2-based fast pyrolysis process, alcohols and nitrogenates were 
considered the popular compositions in bio-oil (Lee et al., 2020a). 
Therefore, selecting the inert gas type for the fast pyrolysis of microalgae 
is also very important to optimize the qualities of pyrolytic bio-oil. 
Furthermore, the cultivation condition of microalgae could also affect 
the quality, composition, and yield of bio-oil (Mustapha et al., 2023; 
Wang et al., 2019). In a study of Sotoudehniakarani et al. (2019), they 
evaluated the yield and quality of bio-oil from Chlorella vulgaris culti-
vated in complete and N-starved media after undergoing rapid pyrolysis 
tests with the fixed-bed reactor. Nitrogen deficiency causes the biomass 
to include more lipids which raise its calorific value. High bio-oil output 
and quality may be achieved through quick pyrolysis of nitrogen-starved 
microalgae. In this instance, tests have shown that the maximum pro-
duction of bio-oil is around 47.7% mass on a dry basis at 500 ◦C. The 
quality of the Chlorella vulgaris-derived bio-oil was higher since it con-
tains more fatty acids and fewer nitrogenous species. Additionally, the 
increased lipid content of the nitrogen-starved biomass causes the bio- 
oil to contain a significant quantity of carbon, which somewhat raises 
its calorific value. 

Nevertheless, high oxygen content (around 30–50%) contained in 
microalgae was found to be the main cause of forming dominant 
oxygenated compounds (like acids, esters, aldehydes, furans, and ke-
tones) in bio-oil (Zhang et al., 2019), even oxygen content could reach 
54.5% for bio-oil produced from fast pyrolysis of Enteromorpha prolifera 
(Xu et al., 2019). Due to this reason, bio-oil should undergo the 
upgrading process to abate the oxygen content. Moreover, a protein 
consisting of various types of amine functional groups is considered a 
dominant component in microalgae, indicating that microalgae could 
become a potential source to generate N-containing value-added 
chemicals through the application of fast pyrolysis. Indeed, Escalante 
et al. (2022) disclosed that the concentration of N-containing com-
pounds in fast-pyrolysis products from microalgae was much higher 



limitations of diffusing reactants, thereby lowering the yield of aromatic 
hydrocarbon (Nishu et al., 2020). In the case of using transition metals 
like Ni, Co to modify the ZSM-5 catalyst, the ZSM-5 catalyst’s acidity 
could be remarkably reduced, leading to inactive restriction of ZSM-5 
catalysts and low bio-oil yield because of the coke presence. For 
example, Zainan et al. (2018) utilized Ni-supported ZSM-5 to pyrolyze 
Chlorella vulgaris at a range of temperatures from 300 ◦C to 600 ◦C. They 
observed a decrease of the total bio-oil yield by 14.54 wt% by increasing 
the loaded catalysts although the as-used catalyst had positive impacts 
on the bio-oil characteristics. The above-mentioned results could be 
because a micro/meso/macro-porous channel was formed in the ZSM-5 
framework by adding Ni to the ZSM-5 catalyst, which facilitated re
actions of aromatization and deoxygenation that were thought to con
trol the diffusion of intermediates. A similar result was also observed for 
Co/Mo-supported ZSM-5, in which utilizing Co/Mo-supported ZSM-5 
for catalyst pyrolysis of Gracilaria gracilis led to a lower bio-oil yield than 
the case of ZSM-5 although Co/Mo-supported ZSM-5 catalyst also 
reduced total concentrations of acetic/formic acid, phenol, and furfural 
by 1.44%, 0.77%, and 1.49% respectively (Norouzi et al., 2017). Indeed, 
it could be concluded that metal-modified ZSM-5 increased primarily 
the yield of mono-aromatic hydrocarbon, as well as reduced furan and 
phenols compounds in comparison with pure ZSM-5, showing that 
combining metal with hierarchical ZSM-5 could influence the mecha
nism of pyrolysis reaction through the enhancement of the production of 
the phenolic (Maheria et al., 2021). 

In addition to ZSM-5, the metal-based catalysts were thought to be 
the potential ones to generate the high-yield bio-oil. For example, the 
use of Ni/TiO2 for pyrolyzing Pavlova sp. microalgae could produce bio- 
oil with a maximum yield and HHV of 22.6 wt% and 37 MJ/kg 
respectively at 500 ◦C (Aysu et al., 2017). Employing Mg-Ce/Al2O3 
catalyst could also reduce the bio-oil yield by 4.3%. Furthermore, the N 
element was partially removed from the liquid product via catalytic 
pyrolysis (Aysu et al., 2018). This result could be due to the effect of Ce 
in cracking the protein link of microalgae (Lee et al., 2020). Besides, the 
combination of Fe3O4-supported HZSM-5 catalysts with other metals 
like Zr, Mo, W, and Co could also be applied to pyrolyze Scenedesmus 
obliquus microalgae, it was revealed that ketonization and aromatization 
reactions could be promoted by (Zr, Mo, W, and Co)/Fe3O4-HZSM-5 
catalysts aiming to produce more long-chain ketones, resulting in the 
production of pyrolytic bio-oil with highest HHV and yield of 39.12 MJ/ 
kg and 17.73 wt% respectively along with a significant decrease of total 
acid amounts to 26.1% (for Co/Fe3O4-HZSM-5) (Mustapha et al., 2021). 
In a recent study, Ferreira et al. (Ferreira and Soares Dias, 2020) indi
cated that commercial carbonate catalysts such as Li2CO3, Na2CO3, and 
K2CO3 could increase the bio-oil yield to 38 wt% from Chlorella vulgaris 
microalgae and 50 wt% from Scenedesmus obliquus microalgae. In this 
case, carbonate catalysts could play an important role in reducing the 
acidity percentage relating to carbonyl species, while carbonate cata
lysts having higher melting points than pyrolysis result in removing 
nitrogenous functional groups significantly, thereby reducing N-con
taining compounds in the pyrolytic MB (Xu et al., 2023). In general, 
catalytic pyrolysis is considered the potential method to enhance bio-oil 
quality through the thermochemical conversion of microalgae. In com
parison with fast pyrolysis, catalysts can generate more hydrocarbons, 
fewer compounds from the oxygenation process, and fewer acidic 
chemicals. However, it should highlight how fundamental it is to iden
tify the appropriate catalyst preparation methods as they would deter
mine the bio-oil quality in microalgae pyrolysis. 

3.2.2.2. Microwave-assisted pyrolysis. Microwave-assisted pyrolysis 
(MAP) has become increasingly popular recently, mainly due to its use 
in converting several kinds of biomass into biofuels (Su et al., 2022a). 
MAP creates heat from the heart of the biomass and towards the plane, a 
distinctive method of creating thermochemical conversion heat. It is 
known for its short processing time, low-energy demand, efficient 

3.2.2. Advanced pyrolysis 
Advanced pyrolysis is more advantageous than conventional pyrol-

ysis since it requires much less energy, lower pyrolysis temperature, may 
eliminate contaminants from bio-oil like solid residues, and oxygen, 
sulfur, nitrogen, and phosphorus content, and improves the selection of 
products by altering the reaction pathways of pyrolysis. 

3.2.2.1. Catalyst pyrolysis. For catalyst pyrolysis, the catalyst could 
reduce the entire pyrolysis temperature and duration, and enhance the 
effectiveness and performance of the whole procedure. Typically, cata-
lytic pyrolysis of microalgae is conducted at temperatures from 300 ◦C to 
600 ◦C, while HHV and yield of bio-oil using catalytic pyrolysis are 
between 13.4–39 MJ/kg and 20–59 wt%, respectively (Lee et al., 2020; 
Lee et al., 2020a). In general, MB generated from catalytic pyrolysis of 
microalgae has a high HHV, high aromatic content, and low acidity 
(Yuan et al., 2020). More important, catalysts in the pyrolysis were 
found to play a critical role in deoxygenating and denitrification aiming 
to convert O-containing compounds into aromatic compounds and N- 
containing compounds into ammonia, showing that catalysts could be 
utilized to attain high-quality MB (Sun et al., 2022). As reported, ex-situ 
and in-situ catalytic pyrolysis were considered as the two main pyrolysis 
methods aiming to get high efficiency (Shirazi et al., 2020). For in-situ 
catalytic pyrolysis of microalgae, the tar generation could be inhibited, 
thereby increasing the bio-oil yield. Nevertheless, the weak deoxygen-
ation and gradually-lost catalyst activity were known as drawbacks of 
the in-situ catalytic pyrolysis (Sun et al., 2022). By contrast, avoidable 
interaction between as-used catalysts and feedstocks, controllable py-
rolysis reactions, and recyclable catalysts are considered the strong 
points of the ex-situ catalytic pyrolysis method (Shirazi et al., 2020). 

Diverse catalysts including metal, zeolite, carbon-centric, or combi-
nations of various materials could be utilized to improve the quality and 
yield of product properties in microalgae pyrolysis (Liu et al., 2022). 
Among these, the ZSM-5 catalyst was found as the most efficient for 
pyrolyzing microalgae, ZSM-5 exhibited excellent shape selectivity to 
aromatic hydrocarbons since its pore diameter is comparable to the 
characteristic diameters of key petrochemicals including benzene and 
toluene. Furthermore, ZSM-5 could encourage the breakdown of various 
oxygenated substances to produce light olefins and alkanes. These al-
kanes could be converted into benzene or different other aromatic 
compounds via reaction chains such as alkylation, aromatization, and 
isomerization (Nishu et al., 2020). In a study of Adamakis et al. (2018), 
they assessed the catalytic pyrolysis of Chlorella vulgaris with various 
lipid concentrations. Before catalytic pyrolysis by ZSM-5, lipid extrac-
tion from Chlorella vulgaris produced a bio-crude that included more 
aromatic chemicals than the bio-crude formed from non-extracted 
Chlorella vulgaris. The findings imply that microalgae possessing low 
lipid concentrations could increase the number of aromatic compounds 
produced by ZSM-5 catalytic pyrolysis. Besides, Hu et al. (2021) used 
ZSM-5/MCM-41 for catalyzing the Enteromorpha clathrate pyrolysis 
under various atmospheres (H2 and N2 as pyrolytic agents). They 
revealed that ZSM-5 catalyst was effective in mitigating the formation of 
acids and N-containing compounds, leading to lower N-containing 
compounds and higher aromatic compound content. Therefore, they 
indicated that the synergic effect of the ZSM-5/MCM-41 catalyst and H2 
agent could enhance the bio-oil yield to 51.48%. 

Also, using metal-modified ZSM-5 catalysts for fast pyrolysis could 
lead to less coke formation due to more selectivity to deoxygenation and 
the presence of strong-acid sites on the surface of catalysts (Nishu et al., 
2020). Furthermore, Che et al. (2019) revealed that there was a drastic 
increase in aromatic hydrocarbon using 2% Zn-modified ZSM-5, while 
Mo et al. (2020) indicated that the catalyst pyrolysis of Spirulina Platensis 
microalgae by using ZSM-5/MgO could produce high-yield bio-oil (up to 
48.6 wt%) and high HHV (36.8 MJ/kg). However, it should be noted 
that strong-acid sites and surface area of metal-modified ZSM-5 could be 
remarkably reduced when loading excessive metal in ZSM-5, resulting in 



chemical reactions range including de-(carboxylation/carbonylation) 
and de-(hydrogenation/hydration) could occur to create a large amount 
of radicals and functional groups. After that, functional groups and 
radicals could interact together to form a target product, in which the 
condensation of volatile components could be the base of forming liquid 
products (Vuppaladadiyam et al., 2021). In addition to operating pa
rameters that are similar to those of other pyrolysis processes, the 
blending ratio of microalgae with other materials is also extremely 
important in the co-pyrolysis process. Because microalgae contain pro
teins with N-rich amino acids, the co-pyrolysis between microalgae and 
other materials are very complex. For example, the synergic mechanism 
of lignocellulose-based biomass and microalgae could occur via the co- 
pyrolysis process of lignocellulose and N-rich amino acids (Su et al., 
2022b). Indeed, Chen et al. (2019) indicated that there was a significant 
increase in phenols/oxygenated compounds and a remarkable reduction 
of N-containing compounds for the bamboo waste/amino acids co- 
pyrolysis process. More importantly, the synergic effect of co-pyrolysis 
on the feedstock is one of the primary reasons for the improved bio
fuel quality, as demonstrated by several studies (Chakraborty et al., 
2021; Kumar et al., 2023). Indeed, a prominent cooperative event be
tween the microalgae and the additional reactants could decline 
oxygenated molecules, which could improve the usability of the pro
duced MB (Fakayode et al., 2023). More importantly, the easy reaction 
between –C=O groups in lignocellulosic biomass with –NH2 groups in 
amino acids of microalgae was found to be the primary reason for 
forming phenols, producing newly oxygenated and N-containing com
pounds through the ketonization and Maillard reaction, inhibiting the 
acetic acid formation, and providing H+, having a significant contribu
tion to breaking reaction of β-O-4 linkage, resulting in the lignin frag
ment scission. 

Improved biofuel yield, activation energy, and aromatics production 
have also been shown via the co-pyrolysis process of microalgae with 
various substances. For example, the co-pyrolysis of microalgae and 
dying sludge from textile industries has been shown to lower the 
required average activation energy for the reactions (Chakraborty et al., 
2021). Similarly, the co-pyrolysis of Isochrysis sp. microalgae and 
sewage sludge has been proven to improve C4 and C7 yield in biofuel 
(Wang et al., 2016). In another study by Chang et al. (2018) about 
Nannochloropsis sp./palm kernel shell co-pyrolysis, they reported that 
there was a sharp increase in aromatics to 30.39% compared to sole 
Nannochloropsis sp. pyrolysis (11.79%) and palm kernel shell pyrolysis 
(2.96%). More interestingly, using Cu/HZSM-5 for the above-mentioned 
co-pyrolysis process could increase aromatics yield to 42.65%. In a 
recent study, Khodaparasti et al. (2022) investigated the co-pyrolysis of 
Chlorella Vulgaris microalgae and municipal sewage sludge, indicating 
that the maximum MB yield was 32.354 wt% under the optimal condi
tion with 0.82 of mixing ratio (Chlorella vulgaris/municipal sewage 
sludge), and temperature of 520 ◦C. Similarly, Tang et al. (2020) 
revealed that co-pyrolysis of Chlorella vulgaris and rural solid waste 
employing a catalyst of CaO could offer excellent efficiency in improving 
the bio-oil quality, in which there was a reduction of acid and N-con
taining compounds to 30.85% and 17.26% respectively, and an increase 
in light aliphatic hydrocarbons up to 11.98% and HHV. Also, Fang et al. 
(2018) concluded that the interaction of Chlorella microalgae and tire 
under fast pyrolysis with the support of microwave could inhibit the 
formation of N and O-containing compounds and promote the genera
tion of hydrocarbon species, especially aromatic hydrocarbons in the 
liquid product, increasing HHV and quality of bio-oil. Also, it was re
ported that microalgae could enhance the production of liquid and 
volatile products during the coal/Scenedesmus microalgae co-pyrolysis 
(Nyoni et al., 2020). Interestingly, Chen et al. (2021a) concluded that 
the interaction of microalgae and plastic waste could promote the re
actions of hydrogenation between the unsaturated products, while the 
molten plastic waste could create the coating effect to boost the 
microalgae pyrolysis. Resultantly, the co-pyrolysis of microalgae and 
polypropylene, polyethylene terephthalate, and polystyrene could 

transfer of heat, and selective and uniform internal heating, it also is 
practical for dealing with high moisture content feedstocks. In MAP, the 
microwave enters the feedstock particles and transforms them into 
thermal energy from within. This induces the formation of a tempera-
ture gradient from the inner portion of the particles to the outer and the 
volatile substances are released diffusely from the inner core to the outer 
surface through a low-temperature region, the MAP process was thus 
shown to be sustainable in terms of energy consumption (Chen et al., 
2021b). Moreover, selective heating and easy operation are found to be 
the main advantages of microwave-assisted pyrolysis technology, 
showing that MAP technology could be commercialized and industri-
alized for microalgae pyrolysis (Sun et al., 2022). In comparison with 
conventional pyrolysis, MAP was found to be more conducive to pro-
ducing aromatics, and MAP could inhibit to form S, N, and O-containing 
compounds in bio-oil and help to cleave chemical bonds in microalgae’s 
s macromolecules (Ong et al., 2020), thereby producing lower S-het-
erocyclic compounds and lower contents of acids, alcohols, amides, 
amines, furans, and phenols in the pyrolytic MB. Furthermore, more 
aliphatic and aromatic hydrocarbon compounds and less phenol com-
pounds could be generated using MAP compared to conventional py-
rolysis approaches (Su et al., 2022a). 

Previous studies indicated that MAP could be unfavorable for pro-
ducing bio-oil since the chemical bonds of molecules of carbohydrates, 
proteins, and lipids of microalgae could be easily broken under the 
directly-transferred high energy of microwave, resulting in compounds 
degraded rapidly in the pyrolysis process and even in the obtained py-
rolytic MB, causing a reduction in the MB yield (Su et al., 2022a). 
Furthermore, the moisture content in the input materials was thought to 
influence energy efficiency. Due to this reason, high-moisture micro-
algae should be mixed with strong-microwave additives to increase 
pyrolysis efficiency (Lee et al., 2020a). In the MAP process, zeolites and 
metal oxides are usually used as potential catalysts, while carbon-based 
materials could play the microwave absorbents (Chen et al., 2021a). 
Chen et al. (2021b) evaluated the bio-oil yield by using additives 
(including TiO2 catalyst and SiC absorbent) for the MAP process of 
Chlorella vulgaris microalgae. They reported that the role of SiC is to 
promote both ketone production and bio-oil deoxygenation, while TiO2 
could denitrificate and deoxygenate in bio-oil. More importantly, they 
indicated that adding the additive to MAP of Chlorella vulgaris could rise 
the MB yield to 28.37% compared to the case without additive 
(14.74%). In addition, Wu et al. (2020) studied the effects of (Zn/Cu/ 
Ni)-modified HZSM-5 on the quality of bio-oil through the MAP process 
of Chlorella. They revealed that the use of metal-modified HZSM-5 
improved remarkably the quality of bio-oil, in which there was an 
increment of C and H contents and a drop of O content. Besides, a large 
amount of hydrocarbons, N-containing compounds, and alcohols were 
found in the liquid phase. The effects of the ratio of ZSM-5 (as the 
catalyst) and graphite (as microwave absorbent) in the additive used for 
the MAP of Chlorella vulgaris were also evaluated by Chen et al. (2021c). 
They found that the ratio of ZSM-5 catalyst in additive of 49.15% would 
produce bio-oil with a maximum yield of 22.7%. More interestingly, the 
synthesized pyrolytic bio-oil by using ZSM-5/graphite as an additive 
increased hydrocarbon by 69%, and reduced N-containing compounds 
by 24.6% compared to the case without a catalyst. In summary, the 
employment of additives for the MAP process of microalgae could yield 
high-quality and high-performance bio-oil although the microwave 
absorbent, catalyst, and their ratio in additive should be further inves-
tigated to get the optimum efficiency in pyrolyzing microalgae. 

3.2.2.3. Co-pyrolysis. Co-pyrolysis, the process of using more than one 
material as feedstock, has been proven to improve widely the biofuel 
quantity and quality due to its simple and efficient operation, in which 
the thermal degradation of input feedstock occurs in a closed pyrolysis 
reactor without oxygen at higher operating temperatures than the 
thermal stability threshold of feedstock (Lee et al., 2020). As reported, 



4. Hydrothermal liquefaction technologies

Hydrothermal liquefaction (HTL) is one kind of thermochemical
conversion under a hot and pressurized-water environment for enough 
long time aiming to convert the solid biomass to drop-in fuels (Ni et al., 
2022). HTL follows the principle of reacting biomass with water present 
in hydrothermal environments with the most effective outcomes ob
tained at pressures (4–35 MPa) and temperatures (200–450 ◦C). In this 
process, the microalgae biomass undergoes many reactions that depo
lymerize the materials, such as hydrolysis, dehydration, and 

decarboxylation, which form intermediate water-soluble compounds 
(Basar et al., 2021). This is followed by re-polymerization and conden
sation reactions which form water-insoluble biofuel. This section pre
sents the key characteristics and mechanism of the HTL process for MB 
production. 

4.1. Hydrothermal liquefaction mechanism 

As stated in Section 2, microalgae containing various contents of 
protein, lipids, and carbohydrates could result in a remarkable differ
ence in yield, quality, and composition of bio-oil, as well as the distri
bution rate of the obtained products (Gu et al., 2020). Normally, high 
lipid-containing microalgae are suitable for producing biodiesel through 
transesterification; however, not only lipids but also proteins and car
bohydrates could be converted into bio-oil through the HTL process (Li 
et al., 2014). Due to this reason, both lipid-rich microalgae and low-lipid 
microalgae could be utilized to produce bio-oil using the HTL process 
(Mathimani and Mallick, 2019). For example, bio-oil could be produced 
from low-lipid C. pyrenoidosa microalgae with a yield of 39.4% and HHV 
of 35.42 MJ/kg (Li et al., 2014). However, high-protein microalgae were 
found to be more suitable for synthesizing bio-oil through the HTL 
technique compared to carbohydrate-rich ones. Moreover, high-protein 
microalgae could produce more short-chain hydrocarbons than low- 
protein microalgae, resulting in increasing bio-oil quality (Koley et al., 
2018). 

Relating to the HTL mechanism of microalgae, it could be seen that 
HTL could prevent the hydrolyzation process of monosaccharides con
tained in carbohydrates of microalgae because the HTL process was 
performed under the presence of water and at a lower temperature than 
the pyrolysis one, resulting in high yield of acids, alcohols, glucose, 
galactose, mannose, and xylose (Hu et al., 2019). However, it is quite 
difficult to hydrolyze proteins in microalgae due to the peptide bonds- 
containing protein composition that is stronger and more stable 
compared to carbohydrates’ glycosidic bonds (Akaberi et al., 2019). In 
general, microalgae’s proteins could be hydrolyzed to form amino acids 

Fig. 3. Advantages and disadvantages of advanced microalgae pyrolysis.  

reduce the activation energies and solid residue amounts, except co- 
pyrolysis of microalgae and polyvinyl chloride due to the reaction be-
tween the alkyl groups from microalgae pyrolysis and HCl generated 
from PVC pyrolysis. In the case of using a catalyst for the co-pyrolysis, 
Majid et al. (2021) indicated that a bi-functional limestone/HZSM-5 
catalyst could reduce significantly the enthalpy and activation energy of 
the co-pyrolysis reaction between high-density polyethylene and 
Chlorella vulgaris, facilitating the decomposition process as well as the 
formation of volatiles. The critical characteristics of advanced pyrolysis 
could be illustrated in Fig. 3. 

As aforementioned analysis, in addition to the operation parameter, 
synergistic effects of microalgae with co-feedstock in the pyrolysis were 
considered as the main factor affecting positively the bio-oil generation 
with high quality and yield. In general, using feedstock with high con-
tent of volatiles for co-pyrolysis with microalgae could promote bio-oil 
generation. Therefore, it could be concluded that plastics, tires, and 
lignocellulosic biomass possessing high volatile content could facilitate 
co-pyrolyze with microalgae to raise the bio-oil yield and quality. In 
contrast, coal or sewage sludge has a high content of ash was found to 
hinder the co-pyrolysis process, showing that increasing the bio-oil yield 
and quality through the co-pyrolysis of microalgae and coal or sewage 
sludge could be very difficult. In general, the operation parameters and 
MB characteristics from conventional and advanced pyrolysis of 
microalgae were given in Table 2. 



in the range of temperature from 230 ◦C to 250 ◦C, and amino acids 
continue being decomposed to various products through deamination, 
decarboxylation, dehydration, oligomerization, and re-polymerization 

reactions at temperatures >250 ◦C (Akaberi et al., 2019). In addition, 
amino acids could react with esters/sugars to form N-containing com
pounds, and interact with lipids/polysaccharides to generate bio-oil 

Microalgae Pyrolysis type Pyrolysis conditions Bio-oil yield and characteristics Reference 

C. vulgaris Fast pyrolysis 550 ◦C 47.7 wt% of yield with HHV = 28 MJ/kg 
and %C = 30.7% 

(Sotoudehniakarani et al., 
2019) 

Botryococcus 
braunii 

600 ◦C 65 wt% of yield with HHV MJ/kg = 40 
and %C = 75.7% 

(Piloni et al., 2021) 

S. obliquus 475 ◦C 50.9% with %C = 50.3% (Ferreira and Soares Dias, 
2020)  

Dunaliella salina Slow pyrolysis 500–550 ◦C 55.4 wt% with HHV = 24.1 MJ/kg and % 
C = 55.2% 

(Yang et al., 2019) 

Spirulina platensis 556 ◦C 66.04 wt% (Rocha et al., 2020)  

Spirulina platensis Catalytic pyrolysis 450 ◦C with ZSM-5-MgO catalyst 46.8 wt% of yield with HHV = 36.8 MJ/kg 
and %C = 58.7% 

(Mo et al., 2020) 

Nannochloropsis 
sp. 

500 ◦C with catalyst of HY, HZSM-5, Hβ, and 
Activated carbon 

47.84 wt% of yield for Hβ; maximum 
aromatics = 96.27% for HY 

(Tang et al., 2021) 

Chlorella 
sorokiniana 

450–550 ◦C, HZSM-5 catalyst 40 wt% of yield with %C = 52.5% and 87 
wt% of aromatics 

(Shirazi et al., 2020)  

Chlorella sp. Microwave-assisted pyrolysis 
with catalyst 

CaO catalyst, microwave power of 600 W for 20 
min 

20.57 wt% of yield with HHV = 43 MJ/kg (Qadariyah et al., 2021) 

Chlorella vulgaris Catalyst TiO2 14.74 wt% of yield with %C = 47.62% (Chen et al., 2021b)  

C. vulgaris Microwave-assisted pyrolysis 
without catalyst 

300 ◦C for 40 –60 min 38 wt% of yield with %C = 50.3% (Tsubaki et al., 2019)  

Chlorella vulgaris Co-pyrolysis with microwave Co-pyrolysis with high-density polyethylene and 
40% addition of Fe/AC catalyst 

25.6 wt% of yield with LHV = 21.55 MJ/ 
kg and %C = 47.62% 

(Chen et al., 2022) 

Chlorella vulgaris Co-pyrolysis with rice straw 19.2 wt% of yield with hydrocarbon of 
20.79% and %C = 47.62% 

(Wei et al., 2023)  

Nannochloropsis 
sp. 

Co-pyrolysis without 
microwave 

Co-pyrolysis with low-density plastic 65.17 wt% of yield with LHV = 19.51 MJ/ 
kg and %C = 54.41% 

(Tang et al., 2019)  

Fig. 4. Hydrothermal liquefaction mechanism for major components in microalgae with the evolution of temperature (Liu et al., 2022).  

Table 2 
Relationship between bio-oil characteristics and operation conditions of microalgae pyrolysis.  



HHV and quality although the ratio between solvents should be opti
mized to ensure the economy aspect (Jena et al., 2022). Utilizing various 
solvents/co-solvents for the HTL process aiming to produce high-quality 
MB could be scrutinized in the works of Han et al. (2019) and Kostyu
kevich et al. (2019), while the effects of reactor types, reaction tem
perature, and other parameters on the MB yield and quality could be 
found in reference (Gu et al., 2020). 

The yield and quality of MB through the HTL method could be 
enhanced with the support of the catalyst and pre-treatment process. 
Indeed, Zhang et al. (2018) pretreated Spirulina platensis microalgae by 
ultrasound before performing the HTL process. They indicated that the 
cell and link disruption in microalgae through ultrasonic pretreatment 
could facilitate the subsequent HTL, yielding a maximum MB of 50 wt%. 
In addition, the MB quality could also be improved by increasing the 
amount of compounds with lower boiling points. In another work, 
Mahima et al. (2021) evaluated the efficiency of various pretreatments 
in generating bio-oil before the HTL process. They showed that using 
post-HTL wastewater to pretreat Scenedesmus obliquus microalgae could 
offer bio-oil with higher yield (48.53%), higher HHV (36.19 MJ/kg), 
lower oxygenated compounds, and higher quality (C7-C21 
hydrocarbon-rich bio-oil) than those of non-pretreated and acid- 
pretreated cases. 

Catalysts were also found to play an important role in converting MB 
into long-chain hydrocarbons; however, the suitable catalyst for this 
purpose should contain both hydrogenation and deoxygenation sites 
aiming to break the link of C–O (Liu et al., 2021). Due to these reasons, 
noble/transition metals with d-orbital unfilled by electrons are usually 
used for deoxygenation, while zeolites could act as the acid center for 
hydrogenation reactions (Liu et al., 2022). In an investigation of Patel 
et al. (2017), they indicated that the Pt/γ-Al2O3 catalyst was the highest 
activity in deoxygenating among monometallic noble-based catalysts. 
Indeed, the use of Pt/γ-Al2O3 for the HTL of Nannochloropsis sp. could 
generate MB with high yield and low oxygen content (only 1.6%). The 
combination of CNT with transition metals such as Co, Fe, or Ni could 
also bring high-quality bio-oil although noble metals were found to be 
more active than transition metals. (Liu et al., 2021) reported that using 
Co/CNT for catalyzing the HTL of microalgae could reduce the oxygen 
content in MB by 25.5% compared to the case without a catalyst 
(45.2%). In addition, Ni/γ-Al2O3 catalyst could provide excellent effi
ciency in deoxygenating, yielding bio-oil with only 0.2% oxygen content 
for the HTL of Nannochloropsis sp (Pongsiriyakul et al., 2021). Adding 
the second metal to the base catalyst was found to produce MB with high 
quality because of the synergistic effect of the bimetallic catalyst. For 
example, NiMo/Al2O3 catalyst could deoxygenate completely and 
denitrogenate significantly in MB from the Spirulina HTL process (Cas
tello et al., 2019). However, the use of second metal should be carefully 
considered because the reverse effect could occur (Ni–Cu/γ-Al2O3 as an 
example) due to the formation of metallic oxide covering the active sites 
of the catalyst, reducing deoxygenation activity of the catalyst, thereby 
reducing the bio-oil yield and quality (Pongsiriyakul et al., 2021). The 
effects of catalysts on bio-oil yield and quality from the HTL process of 
microalgae could also be presented and discussed in detail in a recent 
work of (Sharma et al., 2021). 

Solid acid catalysts with special crystal structures and high surface 
area were also reported to generate MB with high yield and low oxygen 
content because solid acid catalysts could enhance the dehydration and 
deoxygenation through the promotion of the esterification reaction of 
carboxylic acids (Liu et al., 2022). Indeed, Shen et al. (2021) assessed the 
effects of MgAl-LDH3 and MgAl-LDO3 on the MB yield and oxygen 
content. As a result, the bio-oil yield increased by 12.98% for MgAl- 
LDH3 and 9.72% for MgAl-LDO3 compared to the case without catalysts. 
However, MgAl-LDO3 possessing more basic sites than MgAl-LDH3 could 
promote the reactions of decarboxylation/decarbonylation, and ami
dation of fatty acids in bio-oil, decreasing O/C to 22.6% and increasing 
N/C to 28.4%. The employment of base catalysts for the HTL of 
microalgae was also shown to enhance the alcohol deprotonazation 

through reactions such as Maillard, Friedel-Crafts acylation, Beckmann 
rearrangement, (retro)-Aldol condensation, and other (Gu, 2020; Gu 
et al., 2020). For lipids, their hydrolysis process could generate acetic 
acid and ethanol at temperatures <400 ◦C, and gaseous products at 
temperatures >400 ◦C. Furthermore, triacylglycerides in lipids were 
also hydrolyzed to glycerol and free fatty acids under subcritical-water 
conditions in the HTL process (Hassan et al., 2020). For example, glyc-
erol in Spirulina and Nannochloropsis salina microalgae could be 
decomposed and converted to acrolein, aldehyde, methanol, and 
gaseous products at temperatures >310 ◦C in the HTL. In the case of 
polar lipids, they could be decomposed into P-containing compounds 
and oleic acid (Toor et al., 2013). However, conventional HTL was found 
to be not suitable for recovering pigments of microalgae since micro-
algae pigments could be severely degraded into non-bioactive compo-
nents (Gu et al., 2020). In summary, the mechanism of microalgae HTL 
could be illustrated in Fig. 4. 

4.2. Hydrothermal liquefaction for bio-oil production 

For studies on the MB yield using the HTL process, Khan et al. (2018) 
evaluated the MB yield through the HTL of Chlorella vulgaris using 
photobioreactors. They indicated that laboratory-scale trials produced 
30% bio-oil. In addition, Nava-Bravo et al. (2021) revealed that the 
oxygenated compounds in MB attained from the HTL of Desmodesmus sp. 
were from 32.2% to 46.1%, and these oxygenated compounds were 
mainly formed through the decomposition process of lipids and carbo-
hydrates, and a small part of ketones. However, it was also confirmed 
that carbohydrates account for the majority of generating O-containing 
compounds in MB through the HTL process (Zhang et al., 2021). 
Furthermore, Hietala et al. (2019) indicated that Maillard reactions 
were promoted by the HTL reactions, leading to increasing C and N 
content in bio-crude, improving bio-crude yield and HHV (up to 38.4 
MJ/kg), and decreasing O content for the cases of Nannochloropsis, 
Chlorella, and Spirulina microalgae. More importantly, they reported 
that the biochemical composition of microalgae, reaction time, and HTL 
temperature were considered as the main factors affecting the yield and 
quality of bio-crude. As reported in the literature, the long HTL time was 
thought to offer a high MB yield for microalgae species containing low- 
protein and high-lipid contents. Indeed, the highest MB yield of 87.2% 
was indicated in a study by Li et al. (2014) when they used low-protein 
and high-lipid Chlorella sp. microalgae for the 90-minute HTL process. 
The reaction temperature was also found to be one of the important 
reaction parameters affecting the bio-oil yield and quality (Reddy et al., 
2016). In the HTL process of microalgae with the presence of water, the 
ionic product of the water and the dielectric constant could be adjusted 
by the changes in temperature and pressure (Mathimani and Mallick, 
2019). In the literature, most of the works indicated that the most 
suitable HTL temperature range for producing high-yield bio-oil from 
microalgae was from 250 to 375 ◦C depending on the content of pro-
teins, lipids, and carbohydrates of microalgae (Mathimani and Mallick, 
2019; Shahi et al., 2020; Zhang et al., 2022). This could be due to the 
reduction of the organic content when increasing the reaction temper-
ature (Mathimani and Mallick, 2019). Besides, the solvents used for the 
HTL process were found to have a significant effect on O content in MB, 
thereby affecting HHV and the quality of MB (Liu et al., 2022). For 
example, reaction conditions of microalgae HTL using ethanol as solvent 
could be gentler than that of using water due to the lower critical point 
of ethanol compared to water. More importantly, it was revealed that 
ethanol could play a hydrogen donor, in which supplied hydrogen from 
ethanol could saturate the unsaturated C-N/C=O bonds in MB, leading 
to high H/C and low O/C ratios, thereby increasing HHV of MB to 35 
MJ/kg (Zhang et al., 2022). Alternatively, ethanol could react with 
acids/amides to ethyl-esters in the HTL reactions, leading to the 
reduction of N-containing compounds in MB and an increase in MB yield 
(Liu et al., 2022). Interestingly, using co-solvents could also remove 
more oxygen in the HTL process, showing that produced MB had higher 



5. Challenges and opportunities

Although using bio-oil is environmentally safe, MB production using
pyrolysis and HTL is challenging and necessitates the implementation of 
advanced technologies. Principally, due to the high amount of oxygen in 
MB, some properties make it difficult to use as fuel if it is not upgraded 
(Sánchez-Borrego et al., 2021). Moreover, high acidity, increased vis
cosity, and a relatively low heating value are key challenges for MB 
production using pyrolysis and HTL techniques. In addition, the pres
ence of water and little amounts of reactive oxygenated and inorganic 
compounds generates complex matrices with low pH and thermal sta
bility (Kazemi Shariat Panahi et al., 2019). As a consequence, devel
oping the proper pyrolysis or HTL for microalgae could facilitate the 
overcoming of these challenges to produce high-yield and high-quality 
MB that could benefit combustion in boilers, stimulate engines and 
turbines, deliver transportation fuels, and provide a renewable feedstock 
for the chemical industry. Alternatively, catalyst systems with high ef
ficiency and low cost should be developed to increase the yield, form the 
products with a proper distribution rate, and produce bio-oil with 
desirable components. 

Since bio-oil is a complex mixture of different compounds, this 
means no particular system is accessible for the complete characteriza
tion of MB, which creates prospects for future research recommenda
tions. Moreover, catalytic cracking and hydrodeoxygenation are very 
complicated processes that necessitate dependable and well-configured 
reactors. Thus, advanced technologies and optimization studies on 
reactor configuration/design and reaction parameters should be further 
studied in the future to minimize the processing time and limit the 
secondary degradation of highly unstable compounds (Lee et al., 
2020b). For example, hydropyrolysis could be a promising emerging 
technology for producing high-quality bio-oil (up to 48 MJ/kg). Besides, 
a wide range of microalgae produced 5–25 wt% more bio-oil than their 
lipid content of biomass (Kim et al., 2019), indicating that in addition to 
lipids, proteins, and carbohydrates are also used to make bio-oils. 
Therefore, instead of being disposed of as waste after extracting oil, 
the biomass residue of microalgae can be utilized as feedstock for 
thermochemical conversion, increasing the economic benefits of using 
microalgae for sustainable and renewable biofuel production. Further
more, it should have a thorough analysis and comprehensive evaluation 
of the energy aspect and life cycle assessment of pyrolysis and HTL 
system aiming to couple the pyrolysis and HTL system with biorefinery 
efficiently in optimizing the performance of output products. On the 
other hand, the by-products obtained after processing of pyrolysis and 
HTL should be recovered for other useful aims, increasing the 
economical capacity and reducing secondary pollution. For example, 
solid residues could be used to produce animal feed additives, while 
aqueous phases containing beneficial elements such as N, P, Ca, and Mg 
could be employed as the nutrient medium for cultivating algae or 
biofertilizers. 

6. Conclusion

This paper comprehensively reviewed the key mechanisms and
technologies in generating microalgae bio-oil using pyrolysis and hy
drothermal liquefaction. Generally, bio-oil produced by the two afore
mentioned approaches has a relatively high yield and quality while 
using co-materials (only for pyrolysis) or being supported by proper 
catalysts. More importantly, microalgae bio-oil produced by the above- 
mentioned technologies has a large potential in reducing greenhouse gas 
emissions relative to fossil fuels. Finally, this work recommends that 
advanced technologies of pyrolysis and hydrothermal liquefaction 
should be further investigated to overcome the challenges in producing 
high-quality and high-yield bio-oil from microalgae toward a sustain
able circular economy. 
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Derakhshandeh, M., Ateş, F., Tezcan Un, U., 2021. Renewable bio-oil from pyrolysis of 
synechocystis and scenedesmus wild-type microalgae biomass. BioEnergy Res. 14, 
991–1001. 

Devi, T.E., Parthiban, R., 2020. Hydrothermal liquefaction of Nostoc ellipsosporum 
biomass grown in municipal wastewater under optimized conditions for bio-oil 
production. Bioresour. Technol. 316, 123943 https://doi.org/10.1016/j. 
biortech.2020.123943. 

Escalante, J., Chen, W.-H., Tabatabaei, M., Hoang, A.T., Kwon, E.E., Andrew Lin, K.-Y., 
Saravanakumar, A., 2022. Pyrolysis of lignocellulosic, algal, plastic, and other 
biomass wastes for biofuel production and circular bioeconomy: A review of 
thermogravimetric analysis (TGA) approach. Renew. Sustain. Energy Rev. 169, 
112914 https://doi.org/10.1016/j.rser.2022.112914. 

Fakayode, O.A., Wahia, H., Zhang, L., Zhou, C., Ma, H., 2023. State-of-the-art co- 
pyrolysis of lignocellulosic and macroalgae biomass feedstocks for improved bio-oil 
production- A review. Fuel 332, 126071. https://doi.org/10.1016/j. 
fuel.2022.126071. 

Fang, S., Gu, W., Dai, M., Xu, J., Yu, Z., Lin, Y., Chen, J., Ma, X., 2018. A study on 
microwave-assisted fast co-pyrolysis of chlorella and tire in the N2 and CO2 
atmospheres. Bioresour. Technol. 250, 821–827. https://doi.org/10.1016/j. 
biortech.2017.11.080. 

Ferreira, A.F., Soares Dias, A.P., 2020. Pyrolysis of microalgae biomass over carbonate 
catalysts. J. Chem. Technol. Biotechnol. 95, 3270–3279. https://doi.org/10.1002/ 
jctb.6506. 

Foong, S.Y., Chan, Y.H., Loy, A.C.M., How, B.S., Tamothran, A.M., Yip, A.J.K., Liew, R.K., 
Peng, W., Alstrup, A.K., Lam, S.S., Sonne, C., 2022. The nexus between biofuels and 
pesticides in agroforestry: Pathways toward United Nations sustainable development 
goals. Environ. Res. 214, 113751 https://doi.org/10.1016/j.envres.2022.113751. 

Gao, W., Zhang, M., Wu, H., 2022. Bed agglomeration during fast pyrolysis of bio-oil 
derived fuels in a fluidized-bed reactor. Fuel 328, 125359. 

Gu, X., 2020. Fractionation of Biomass Via Sequential Hydrothermal Liquefaction to 
Produce Value-Added Products and Techno-Economic Analysis. Washington State 
University. 

Gu, X., Martinez-Fernandez, J.S., Pang, N., Fu, X., Chen, S., 2020. Recent development of 
hydrothermal liquefaction for algal biorefinery. Renew. Sustain. Energy Rev. 121, 
109707 https://doi.org/10.1016/j.rser.2020.109707. 

Han, Y., Hoekman, K., Jena, U., Das, P., 2019. Use of co-solvents in hydrothermal 
liquefaction (HTL) of microalgae. Energies 13, 124. https://doi.org/10.3390/ 
en13010124. 

Hassan, A.A., Alhameedi, H.A., Smith, J.D., 2020. Two-step sub/supercritical water and 
ethanol processes for non- catalytic biodiesel production. Chem. Eng. Process. - 
Process Intensif. 150, 107881 https://doi.org/10.1016/j.cep.2020.107881. 

Hietala, D.C., Godwin, C.M., Cardinale, B.J., Savage, P.E., 2019. The independent and 
coupled effects of feedstock characteristics and reaction conditions on biocrude 
production by hydrothermal liquefaction. Appl. Energy 235, 714–728. https://doi. 
org/10.1016/j.apenergy.2018.10.120. 
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