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Because of its low environmental impact and high production, microalgae bio-oil has quickly become a popular
renewable fuel option. The process utilizes microalgae which are readily available in nature to produce an
alternative to fossil fuel. Although microalgal bio-oil production mechanisms have been previously reviewed in
recent studies, comparatively few of them emphasize the significance of algal bio-oil production through all
available bio-oil conversion mechanisms from microalgae. Here we review the available and common bio-oil
conversion processes from microalgae, bio-oil upgrading, and the commercial aspects of its utilization. The
most efficient route to bio-oil production can be identified by analysing both the biomass feedstock and the final
product. For example, pyrolysis can produce high-energy bio-oil, but it also produces large amounts of char and
gas. Although hydrothermal liquefaction and gasification are more complex and costly, they have the potential to
produce bio-oil with greater consistency. However, the expense of using bio-oil in a commercial context is a
major concern. The cost of producing bio-oil from microalgae is typically higher than that of producing con-
ventional fossil fuels. Several factors, including cost, availability, and necessary infrastructure, contribute to the
uncertainty of bio-oil’s commercial feasibility. With the constant improvements in technology and government
support, however, bio-oil has the potential to emerge as a viable alternative to conventional fossil fuels.

1. Introduction

making them substantially more productive than conventional oil crops
(Alam et al., 2012). As a potential feedstock for the production of bio-oil,

Microalgae-based bio-oil production is a viable and sustainable
method to produce renewable energy and sustainable biofuels (Raheem
et al., 2018). Due to their high lipid content and rapid development
rates, microalgae, a varied collection of microscopic photosynthetic
organisms, have emerged as a candidate for bio-oil production (Wang
etal., 2022). Compared to conventional oil crops like soybeans and corn,
microalgae provide a number of benefits. They may be grown in a
number of different environments, including freshwater, saltwater, and
wastewater, which helps alleviate the demand for limited farmland and
water supplies (Wigmosta et al., 2011). Furthermore, certain strains of
microalgae are capable of doubling their biomass in just a few hours,

the popularity of microalgae has risen significantly in recent years (Li
et al., 2019). This popularity is due to its many advantageous properties
(Sarwer et al., 2022), including its high oil content, fast growth rates,
flexible cultivation options, carbon dioxide fixation capabilities,
nutrient recycling potential, and potential for co-generation of valuable
substances. These advantages recommend microalgae as a viable and
long-term resource for producing renewable biofuels. The replacement
of fossil fuels with bio-oil has also substantial positive impacts on the
environment (Baskar et al., 2019). It is a sustainable and renewable
energy choice that reduces the release of greenhouse gases, sulphur, and
nitrogen, as well as particle matter, makes use of waste products,
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improves energy security, and promotes rural growth. Using bio-oil as a
fuel source thus contributes to a sustainable and environmentally
friendly future.

Bio-oil must be upgraded in order to be used as a partial or complete
transportation fuel replacement (Panwar and Paul, 2021). Bio-oil
upgrading is the elimination of nitrogen from algal bio-oil or oxygen
from bio-oil (Oasmaa et al., 2021). The deoxygenation is facilitated by
the decarbonylation and decarboxylation at a temperature of about 400
°C, while deoxygenation is facilitated through dehydration at a tem-
perature of about 250 °C on catalytic transformations of acetic acid and
acetone (Bhoi et al., 2020). By removing oxygen in a two-stage hydro-
treatment process, the oil produced during this quick pyrolysis process is
upgraded to a stable hydrocarbon oil. Therefore, the mechanism of bio-
oil upgrading consists of a series of reactions like decarboxylation,
decarbonylating, aromatization, and dehydration, leading to the
manufacture of hydrocarbon-rich fuel. Although several researches have
been carried out on lignocellulosic biomass pyrolysis, only a handful of
papers highlight the importance of algal bio-oil manufacture through
pyrolysis. According to (Saber et al., 2016), fast pyrolysis of Chlorella
protothecoides, a significant algal species, at 500 °C can produce bio-oil
with a yield of 57.9% (Li et al., 2019). This bio-oil displays a higher
nitrogen and carbon content but a lower content in oxygen compared to
wood bio-oil. The bio-oil production using microalgae pyrolysis as the
third generation of biofuel is thus a potential method for producing bio-
oil as a substitute for fossil fuel. Thermochemical conversion techniques
for generating liquid biofuels, such as fast pyrolysis and hydrothermal
liquefaction (HTL), have been recognized as the most promising (Zhang
et al., 2021). On the other hand, the utilization of these technologies is
limited because of the crude bio-oils’ poor quality, including high oxy-
gen, high water content and little thermal stability. Therefore, multiple
upgrading techniques like hydrotreatment or hydrodeoxygenation have
been developed to produce efficient bio-oils via pyrolysis.

Research by Shan Ahamed et al. (2021) offered valuable insight into
the processes and techniques used to enhance bio-oil quality. Direct use
of such technology, however, is the primary drawback of the research
due to its unstable thermodynamic features. Chan et al. (2020) discussed
the significance of bio-oil as a highly important product obtained via
biomass pyrolysis and highlighted fractionation and extraction as key
mechanisms to upgrade bio-oil through the separation of the complex
mixture of compounds into discrete fractions and chemicals. Moreover,
technological gaps were stated as significant weaknesses in the litera-
ture. The gaps, including the mechanisms of microalgae pyrolysis to
generate bio-oil, were discussed in the paper. Although many studies
have investigated the effectiveness of various methods for extracting
bio-oil from microalgae, few have emphasized the importance of algal
bio-oil production via all bio-oil conversion routes. This paper thus in-
vestigates the available and common bio-o0il conversion technologies
from microalgae, as well as bio-oil upgrading and the commercial as-
pects of its use. It highlights how specific steps can be taken so bio-oil
can be regarded as an alternative to fossil fuels and how to assist
stakeholders like manufacturing industries and climate workers. This
research characterizes the immense potential and prospects of bio-oil for
future implementation in the oil manufacturing industries as a substitute
for fossil fuels, delivering benefits for the industry, consumers, and the
environment.

2. Microalgae as a bio-oil feedstock

Microalgae, also known as microphytes, are unicellular plants that
are very small. They typically inhabit aquatic and marine habitats (Scott
et al., 2010), existing independently or in groups and chains. The
structures of these habitats vary according to species, and their size
usually ranges between 30 to 400 micrometres (Harun et al., 2014).
Microalgae are distinct from larger plants as they lack leaves, branches,
and roots. Microalgae have a substantially higher biodiversity than most
other plant and crop species, with estimates going as high as 800,000

species (Oncel, 2013). Microalgae are only found in water, thus they do
not take up any valuable farmland. They have a high yield and a short
growth cycle, and their consumption poses no threat to the food supply
for humans (Zhang et al., 2022). Therefore, microalgae are a feasible
source of bio-oils that are both environmentally and financially sus-
tainable (Lee et al., 2017). The demand for transportation fuels could be
met by biofuels derived from microalgae (Choi et al., 2017).

The advantages of using microalgae as an energy feedstock are
numerous The bio-oil yield relies on the biochemical makeup of the
specific microalga and the substituent yields are prioritized as follows:
(i) lipids; (ii) proteins; and (iii) carbohydrates. For the production of bio-
based fuels, microalgae have been found as a suitable feedstock due to
their high lipid levels. Microalgae biorefineries can achieve full biomass
utilization by converting all residue into bio-oils after converting lipids
into biodiesel (Shahi et al., 2020). The rapid growth rate of microalgae
increases their productivity. They also thrive in a salty environment and
use atmospheric CO5 as a source of growth (Jazrawi et al., 2015).
Additionally, because they do not contain sulphur, microalgae-derived
biofuels are advantageous for the environment in terms of air pollu-
tion control (APC) (Sun et al., 2017).

There are several species of microalgae, and they all show potential
as a source of bio-oil. Various popular microalgae have been the focus of
intense research due to their potential applications. Both Chlorella vul-
garis and Nannochloropsis sp. have shown potential as bio-oil feedstocks;
these algae are high in lipid content and can grow quickly in a variety of
water conditions. Similarly, the lipid productivity and other distinctive
properties of Scenedesmus sp., Botryococcus braunii, and Dunaliella salina
have all been studied. These microalgae species, among others, are being
investigated for their potential usefulness in biofuel production; doing so
contributes to efforts toward the development of environmentally
friendly, renewable energy alternatives. Table 1 summarizes different
microalgae species and their advantages and disadvantages.

Due to their distinct properties and prospects for long-term energy
sustainability, microalgae have emerged as a highly attractive bio-oil
feedstock. The high lipid content of microalgae can be utilized to pro-
duce bio-oil by converting sunlight and CO2 into biomass through
photosynthesis (Arun et al., 2022). Advantages over conventional oil
crops include their quick development and adaptability to a variety of
conditions, such as saline and water wastewater. Cultivating microalgae
on non-arable land decreases resource competition (Alam et al., 2012).
Microalgal cell lipid extraction can produce bio-oil, which has several
potential uses in the chemical, plastics, and fuel industries. After lipids
are extracted, the remaining biomass might be used as a byproduct.

Summary: Bio-oil, made from microalgae, is a renewable and clean
energy source that could eventually substitute fossil fuels. High pro-
duction costs, energy-intensive extraction, water use, and scaling up are
only some of the difficulties that come with employing microalgae as a
bio-oil feedstock. Although microalgae show promise as a useful feed-
stock for bio-oil production, there is still a need for improvement in
terms of cultivation and extraction methods. Although there are still
obstacles to overcome, microalgae-based bio-oil production is becoming
more efficient and scalable thanks to ongoing research and technical
breakthroughs, demonstrating its potential as a sustainable and
economically viable alternative to fossil fuels.

3. Conversion techniques for bio-oil production

Biomass derived from microalgae can lead to the conversion of
numerous biofuels through two different processes. Firstly, using
biochemical processes, microorganisms turn biomass into biofuels, and
this conversion can be categorized into four different processes: anaer-
obic digestion, fermentation of alcohol, photobiological hydrogen pro-
duction, and transesterification (Azizi et al., 2018). Secondly,
thermochemical processes are used to heat and break down biomass
with the help of oxygen. In contrast to biological processes, thermo-
chemical techniques can create solid, liquid, and gaseous biofuels (Biller



Table 1

Overview of various microalgae species as a feedstock and their associated advantages and disadvantages.

Microalgae Lipid Protein  Carbohydrate = Moisture  Ash Advantages Disadvantages Ref.
content
Schizochytrium 51% 14% 24% N/A 8.9% Exhibits high oil or lipid Expensive equipment cost; high Anand et al.
limacinum concentrations; ideal for oil energy consumption (2017)
synthesis
Chlamydomonas 19.9% 59.4% 10.1% 2.7% 7.9% Produce many heterocyclic High production of nitrogen- Ansah et al.
debaryana compounds due to high protein based products; lack of (2018)
content harvesting technology
Chlamydomonas 12.19%  62% 3.28% N/A 17.96% High level synthesis; high Excessive nitrogen-based Andrade et al.
reinhardtii development rates; endurance and  compounds were generated due (2018)
great flexibility to high protein content
Nannochloropsis 34.3% 40.3% 12% N/A 4.5% The highest concentration of Ash content percentage was Adamczyk and
gaditana hydrocarbon; great HHV value for ~ higher leading to a high bio-char ~ Sajdak (2018)
bio-oil production production rate
Nannochloropsis sp 27.8% 36.4% 12.4% 3.14% 8.9% High protein content; significant Temperature increase leads to a Wang et al.
bio-oil yield at an ideal decrease in bio-char production (2017)
temperature of 475 °C
Chlorella Vulgaris 9% 52.3% 14.5% 4.13% 8% High protein content; organic Hydrothermal liquefaction Khan et al.
compounds in the aqueous phase; (HTL) process needs to be (2018)
aromatic compounds evaluated
Dunaliella 25% 45.8% 20.6% 4.28% 8.61% High number of biochemical Insufficient quality of yielded Soyler et al.
tertiolecta compositions; high nitrogenous bio-oil; bio-char has a very small ~ (2017)

compounds in bio-char

surface area

et al., 2015). Due to the low energy conversion, prolonged reaction
times, and expensive production costs for biochemical conversion pro-
cedures, it has been shown that conversion via the thermochemical
approach is more beneficial than biochemical processes.

Compared to biological conversion processes, thermochemical
transformations occur far more quickly (Kiran Kumar et al., 2018). The

thermochemical method offers a more direct way to generate biofuels
than chemical and biological processes. Chemical conversion requires
the separation or purification of biomass, transesterification requires a
methanol recycling system, and the disposal procedure is complicated
due to soap production (Morais et al., 2022). Several days are typically
needed to manufacture biofuels via biochemical conversion processes

./

\.

Fig. 1. Different kind of pyrolysis methods.




like fermentation (Chen et al., 2015). In contrast, thermochemical
conversion typically does not need chemicals and is accomplished by
converting a broad range of feedstocks from biomass and making use of
the entire feedstock. The thermochemical technique also requires very
little time to produce biofuels. As a result, one important method in
processing microalgae into biofuel is the thermochemical conversion
process. The four main categories of thermochemical conversion tech-
niques are direct combustion, gasification, hydrothermal liquefaction,
and pyrolysis. Hydrothermal liquefaction and pyrolysis are the two most
prominent and effective techniques for producing bio-oil (Nagi et al.,
2021). Commonly used pyrolysis methods are displayed in Fig. 1.

3.1. Pyrolysis mechanisms of microalgae

Pyrolysis is a thermal breakdown of lignocellulosic derivatives under
inert circumstances and in an environment that is oxygen-free (Huang
et al.,, 2016). Microalgal pyrolysis methods involve oxygen-deficient
heat decomposition of biomass for producing bio-oil, gas, and char
(Ansari and Gaikar, 2019). Drying, devolatilizing, and char production
are all steps in the process. Devolatilization releases volatile organic
components as gases and vapours while drying removes water from the
biomass. Devolatilization results in the generation of bio-oil, the pri-
mary product of desire. Bio-oil, gas, and char vary in composition and
characteristics based on different factors including pyrolysis tempera-
ture, microalgae species, and reactor conditions (Bach and Chen,
2017a). For effective and sustainable bioenergy conversion from
microalgae, it is critical to understand and optimize these pyrolysis
mechanisms. In recent decades, pyrolysis has shown potential as a
promising approach to convert biomass to bio-oil and therefore received
increased attention. It is common practice for a pyrolysis system unit to
consist of a pyrolysis reactor, a unit for post-pyrolysis processing, and
pre-processing equipment for lignocellulosic residues. Fig. 2 depicts a
basic pyrolysis unit setup along with its primary outputs.

Pyrolysis is the first step before any sort of thermochemical con-
versions can take place and is followed by the gasification of char or
combustion. In the process of pyrolysis, complex procedures take place
including rearrangement reactions, polymerization, fragmentation,
decarboxylation, and dehydration. Lipids, carbohydrates, and proteins
found in microalgae make them amenable to the pyrolysis process for
energy production. As pyrolysis has been proven to be energy and yield
efficient, it is considered an economical method for the conversion of
algae biomass into fuel (Li et al., 2019). Bio-oil attained through py-
rolysis can be utilized in chemical industries in various ways, e.g. as
feedstocks and for generating power and heat separately or in combi-
nation (Rago et al., 2018). Microalgae pyrolysis is categorized into two
main types depending on operating conditions of residence time and rate
of heating: slow pyrolysis (usually using 10 °C per minute); and fast
pyrolysis (usually needing a temperature over 100 °C per second) (Li

Gas

Pyrolysis
vapors

Fig. 2. A simplified flowchart for a pyrolysis unit.
Modified from Zaman et al. (2017).

etal., 2019). Though pyrolysis bio-oil shows promise as a feasible source
of renewable energy, its features can make it difficult to produce, store,
and use.

Pyrolysis oil is a viscous liquid and dark brown. Bio-oil produced
using biomass pyrolysis is made up of more than 300 types of com-
pounds including indoles, carbonyls, nitrogenous compounds, poly-
aromatics, furans, sugars, phenols, alcohols, acids, and hydrocarbons (Li
et al., 2019). One significant study aimed to understand the production
of bio-oil using microalgae pyrolysis and thermochemical liquefaction
methods. In comparison to pyrolysis, they discovered that thermo-
chemical liquefaction used less energy, and char and bio-oil yield was
low and relatively high, respectively. The bio-oil also had enhanced fuel
characteristics and a higher energy density (Xu et al., 2019). However,
Li et al. (2019) highlighted that some specific microalgae behaviours,
mechanisms, liquefaction behaviour, and catalytic pyrolysis behaviours
are still unknown.

3.1.1. Fast pyrolysis

The purpose of fast pyrolysis is to increase the production of bio-oil
which can be conveniently transported or stored due to its low nitrogen
and sulphur content. Fast pyrolysis is a systemic process in which
biomass is heated to the optimal temperature of pyrolysis before it
completely decomposes (Gautam et al., 2017). Rapid cooling of the
pyrolysis vapour and very high reaction temperatures and heating rates
are characteristics of fast pyrolysis (Ji et al., 2017). In order to generate
bio-oil, the maximum temperature must be lower than 500 °C. In rare
circumstances, the maximum temperature required to produce biogas is
900 °C (Cieslik et al., 2015). The prime element that affects liquid
production is the heating pace. Another element that affects the gener-
ation of bio-oil is the reaction temperature, which should be between
400 °C and 600 °C (Lee et al., 2005).

The fast pyrolysis of dry and crushed Scenedesmus sp was demon-
strated by Harman-Ware et al. (2013) depending on the sizes of two
distinct reactors. During the pyrolysis process, which was conducted at
480 °C, a dynamic pyrolysis-GC/MS tool and an isothermal spouted bed
reactor were utilized. The spouted bed reactor produced crude oil with a
mean calorific content of 18.4 MJ per kg. According to the outcomes of
simulated distillation, a sizeable fraction of the oil corresponded to the
heavy gas oil boiling temperature that ranged from 343 °C to 524 °C.
The oil produced contained an average of 8.6 wt.% nitrogen and 27.6
wt.% oxygen, with the comparatively high nitrogen level explained by
the algae’s high protein content. As per the GC-MS data, the oil con-
tained a variety of hydrocarbons and compounds derived through
oxygenation and nitrogenating. Scenedesmus sp. underwent pyrolysis as
well as GC-MS to produce principal pyrolysis products.

Anand et al. (2017) conducted a study on Schizochytrium limacinum, a
microalga enriched in lipids, which underwent fast pyrolysis to assess its
potential for producing important compounds and fuel molecules. The
alga was differentiated by its value of heat, maximum composition, and
elemental makeup. Schizochytrium limacinum exhibits high oil or lipid
compositions, which makes this chemical ingredient ideal for oil product
synthesis via procedures like lipid extraction and transesterification
(Chia et al., 2018). However, microalgae lipid content varies signifi-
cantly based on the microalgal species, from 1.1% to 51%, and is also
greatly dependent on the growth stage since lipids can accumulate up to
a total content of 90% when more nitrogen gas resources are consumed
(Marcilla et al., 2013). The microalgae biomass residual after oil
extraction can be used as pyrolysis feedstock instead of being dumped
away (Fang et al., 2018).

Lipid, protein, and carbohydrate components were gradually
extracted from microalgae Nannochloropsis sp by Wang et al. (2017) to
analyse the pyrolysis pathway of microalgae. With the exception of a few
specific zones, the thermogram metric analysis curve of microalgae was
fitted by a single pyrolysis curve comprising protein, carbohydrate, and
lipid. Various kinds of pyrolysis processes, such as slow and co-pyrolysis,
were used to examine the pyrolysis routes of lipids, protein, and



carbohydrates separately. The percentage of protein components was
higher than lipids and carbohydrates. Bio-crude and char yields were
shown to be affected by temperature during the pyrolysis process. The
bio-crude yield gradually rose between 400 °C and 475 °C, reaching a
maximum percentage of 55.2% at 475 °C. The char yield gradually fell
from 30.2% to 25% with an increase in pyrolysis temperature. Finally, it
was determined that for raw microalgae, 475 °C was the ideal pyrolysis
temperature.

The pyrolysis outputs of N. gaditana under various pyrolysis condi-
tions were analysed in a study by Adamczyk and Sajdak (2018). Hy-
drocarbons in the liquid products of pyrolysis of N. gaditana indicate its
potential use in the production of biofuels. The oil produced from the
N. gaditana had areduced oxygen concentration as well as greater higher
heating values (HHV) which made it more stable for bio-oil production.
The pyrolysis of N. gaditana’s biomass could result in the production of
biochar with a very high percentage (68%) of ash content.

Soyler et al. (2017) used fast pyrolysis to remove biological com-
ponents from the solid residue of the microalga Dunaliella tertiolecta. The
bio-oil yield was at its highest at 45.13 wt.% at 600 °C during pyrolysis,
while char attained 29.34 wt.%. The viability of using bio-oil as a biofuel
was evaluated and analysed. The study also explained how to evaluate
the content and qualities of char as a fertilizer or sorbent for soil
restoration. The microalga D. tertiolecta can also fast pyrolyse its wastes
to generate huge amounts of lipids with a variety of applications,
including renewable fuel. Nevertheless, the bio-oil quality produced by
fast pyrolysis was insufficient for it to be recommended as fuel without
additional improvements such as denitrogenating and deoxygenation.
The production of char using fast pyrolysis has been shown to be high in
nitrogen as well as other macro elements like calcium, sodium, and
potassium, making it appropriate for use in agriculture. Additionally,
functional groups of surfaces containing oxygen were also found in char,
making it suited for absorbing heavy metals. However, the produced
char had a very small surface area, constraining its application as an
environmental sorbent for water and soil pollutant absorption.

3.1.2. Slow pyrolysis

Compared to fast pyrolysis, slow pyrolysis results in a much higher
biochar yield since it generates less other gaseous and liquid products
(Khan et al., 2021). The biomass is disintegrated by slow pyrolysis at
different temperatures varying between 400 °C and 500 °C at several
stages (Nazem and Tavakoli, 2017). Water content and bond breakage
are eliminated first. Lipids, proteins, and carbohydrates are broken
down in the second phase due to pyrolysis. Residues high in carbon are
created at the last stage. Organic liquid yields ranged between 50 wt.%
and 70 wt.% when temperatures were between 450 °C and 550 °C
(Gautam et al., 2017). Using 600 °C reaction temperature, conventional
pyrolysis yields char, gaseous, and liquid products (Azizi et al., 2018). In
general, pyro gas and char yields rise at high and low temperatures,
respectively, although the bio-oil yield is directly related to temperature,
reaching its optimum value at around 500 °C. However, low-
temperature pyrolysis (up to roughly 300 °C) is typically used to pro-
duce char at a higher concentration (up to 66%) or, at the very least, to
produce char alongside the synthesis of bio-crude oil and pyro gas.

Based on the major product and operating temperature, the slow
pyrolysis process is categorized into two main types: carbonization and
the conventional method (Bach and Chen, 2017b). Char is the primary
by-product of carbonization, and the ideal operating temperature is 400
°C. On the other hand, char, liquid, and gaseous products are produced
using the conventional method at a temperature of 600 °C (Gautam and
Vinu, 2018). The important influence of temperature on slow pyrolysis
is clear from the information above. Zhou et al. (2014) demonstrated
that raising the temperature increases the production rate of bio-oil up
to an optimal temperature of 500 °C, after which the production yield
decreases as the temperature rises. Using a fixed-bed reactor without
catalysts, Jamilatun et al. (2017) evaluated the features of slow pyrolysis
of Spirulina platensis residue and pyrolysis using a thermogravimetric

analyser. 50 grams of SPR were employed as the feedstock for the py-
rolysis process in a fixed-bed reactor, with temperatures ranging from
400 °C to 650 °C. The highest bio-oil yield of 25% was generated when
the aromatic constituents and phenol increased at 550 °C. Bio-oil
showed a high higher heating value (HHV) of 25.70 MJ per kg. How-
ever, hydrogen gas, carbon monoxide, and methane dominated gas
products may be utilized as the biochar product as they have a large
amount of carbon (50.31%) and ash (11.80%) content, leading to the
conclusion that they have the potential to be used as an adsorbent and
fuel.

The pyrolysis of Scenedesmus dimorphus produced the maximum yield
of bio-oil, 39.6 wt.%, at temperatures between 300 °C and 600 °C in a
study conducted by Bordoloi et al. (2016). The nitrogen yield of the bio-
oil and biochars was 10.6 wt.% and 6 wt.%, respectively. The study
examined the temperature impact on liquid and solid product yield and
chemical compositions using Scenedesmus dimorphus microalgae for slow
pyrolysis with a fixed-bed reactor and further fractionation utilizing
liquid column chromatography. Additionally, the yield included species
like amides, indoles, and nitriles. This indicates that a significant
amount of the nitrogen used in the procedure was retained. In the pre-
sent work, Scenedesmus dimorphus is shown to be a promising feedstock
for the pyrolytic conversion of energy and biomaterials. The limits of
cracking, time, and excess heat, in addition to temperature and oper-
ating conditions, have made this technique unprofitable in recent years.

3.1.3. Catalytic pyrolysis

Catalytic pyrolysis is the process of converting microalgal biomass
into useable products using a catalyst. Typically, catalytic pyrolysis is
performed between 300 °C and 600 °C (Jafarian and Tavasoli, 2018).
Catalytic pyrolysis produces HHV and bio-oil yields of 20-33 MJ/kg and
19-40 wt.%, respectively (Ansah et al., 2018). Because microalgae
derived bio-oil still includes a lot of oxygen, it must be enhanced in order
to increase its strength, restrict polymerization and the condensation
reaction, and enhance the energy density. Bio-oil generated by catalytic
pyrolysis has a greater heating value, lower acidity, and higher aromatic
content, suggesting that a higher standard bio-oil can be produced from
this process.

In a study by Rahman et al. (2018), Isochrysis sp. was pyrolysed
through lithium zeolite to generate aliphatic and aromatic compounds.
The production of aromatic compounds was almost five times higher
during catalytic pyrolysis of Li-LSX zeolite compared to non-catalytic
pyrolysis. Isochrysis sp. was pyrolysed at 500 °C over the catalyst to
produce 29 wt.% bio-oil, containing 34.9 wt.% aliphatic and aromatic
compounds in total. The outcome was accomplished through increments
and denitrogenating of the pyrolysis products. Increasing the pyrolysis
temperature from 400 °C to 500 °C increased bio-oil yield from 20 wt.%
to 29 wt.%. Nevertheless, the bio-oil yield dropped to 24 wt.% at 700 °C.
This could be caused by the breaking of pyrolysis gases at this temper-
ature. The bio-oil productivity decreased from 30 wt.% to 23 wt.% for
the pyrolysis at 500 °C when the catalyst loading was increased from
0.75 g to 4.5 g, however, the yield of gas increased from 34 wt.% to 43
wt.% and the amount of feedstock remained unchanged. This was
demonstrated by the extended interaction between pyrolytic gases and
the catalyst bed.

Chlamydomonas reinhardtii has various properties that could make it
an appealing organism for high level synthesis of biomass, for example,
high development rates, same metabolic characteristics, endurance,
great flexibility, and it can survive in both light and darkness. A study
conducted by Andrade et al. (2018) used multiple methodologies to
characterize Chlamydomonas reinhardtii and assess its potential as a
feedstock for the manufacture of chemicals and fuel. Due to its high
protein content, Chlamydomonas reinhardtii pyrolysis produced a sig-
nificant amount of nitrogenous substances. As a result, the compounds
derived from oxygenation decreased due to the increase in temperature.
Nitrogen containing molecules are reduced in the bio-oil generated by
catalytic pyrolysis, indicating that the inclusion of a hydrotalcite



catalyst can enhance the bio-oil quality.

Chlorella vulgaris, one of the most common microalgae, was also
studied by Zainan et al. (2018) who used Ni-supported zeolite at tem-
peratures ranging from 300 °C to 600 °C and unique catalyst to feedstock
ratios to produce pyrolytic products. Ni-supported zeolite can be pro-
duced by ion exchange (IE) and wet impregnation (WI), respectively . In
contrast to IE based catalyst, which can work on the reduction of acidic
and oxygenated compounds, WI-based catalyst has been found to be able
to increase the hydrocarbon ratio while also eliminating nitrogenates.
The overall bio-oil yield dropped from 18.97 wt.% to 4.43 wt.% for WI
and from 13.06 wt.% to 4.88 wt.% for IE as the loaded catalysts
increased. It is expected given that as the catalyst layer’s thickness
increased, more volatiles were trapped inside its pores, extending sec-
ondary reactions and increasing the production of biogas. However, it
was found that neither kind of catalyst had any appreciable effects on
the yield, rather, they had an effect on the characteristics of the bio-oil.
Catalytic pyrolysis is considered a potential thermochemical conversion
method for microalgae biomass to enhance bio-oil quality. The optimal
pyrolysis temperature for C. vulgaris seems to be 500 °C, which produced
a significant number of hydrocarbons while releasing fewer acidic and
oxygenated compounds into the oil. Ni catalysts can produce more hy-
drocarbons while producing fewer compounds via the oxygenation
mechanism and less acidic chemicals than fast pyrolysis. The quality of
the bio-oil is ultimately determined by the catalyst preparation pro-
cesses, which were highlighted in this study.

Ansah et al. (2018) conducted a study on the pyrolysis of Chlamy-
domonas debaryana, converted through hydrothermal carbonization, in
the presence of zeolite as the catalyst. Without using a catalyst, the
maximum hydrocarbon content in the category of monoaromatic
resulting from the pyrolysis of untreated and treated algae via hydro-
thermal carbonization were only 11.2% and 12%, respectively, at tem-
peratures of 600 °C. Furthermore, the protein content of microalgae
between 14-65.2% is extraordinarily high compared to the 1.1-14.1%
range found for macroalgae. Since microalgae biomass has a high pro-
tein content, large numbers of heterocycles, like pyrroles and indoles,
can be produced as useful chemical synthetics (Ong et al., 2019).
However, the concentration of proteins in algal biomass significantly
affects the products’ nitrogen content. Pyrolysis can either devolatilize

nitrogen-based species or leave them in the resulting bio-oil.

3.1.4. Fluidized-bed reactors

Fluidized-bed reactors combined with effective, adaptable external
heating devices can accomplish quick pyrolysis. Sand is usually
employed as the solid stage in beds (Fig. 3) because of its high solid
density which enables biomass particles to efficiently transport heat
(Bordoloi et al., 2016). This convenient, simple, and adaptable tech-
nology sweeps the system’s by-products by blowing carrier gas, con-
trolling the time period of vapours and solids. After being separated
from char in cyclone separators, the carrier gas is compressed in a cooler
to isolate the bio-oil (Rahman et al., 2018). In order to generate bio-oil
with a desirable quality and yield, char formation in the bed is pre-
vented. However, to achieve the best design, operation, and scale-up,
three factors should be taken into consideration. First, a unique design
is needed to handle the problems of concentration gradients and trans-
verse temperature related to the utilization of beds in big reactors.
Second, a thorough analysis of the hydrodynamics of the biomass and
the sand design is essential. Third, biomass with small particle sizes is
necessary to obtain high process efficiencies. Further, char development
in the fluidized bed must be prevented if bio-crude oil of a desired
quality and yield is to be generated.

There are two types of fluid beds: (i) a bubbling fluid bed (BFB),
which is a bed of small bubbles that sits at the bottom of a reactor, (ii) a
circulating fluid bed (CFB) that uses a cyclone to continuously remove
bed material from outside the reactor and recirculate it inside (Rahman
et al., 2018). The BFB configuration is frequently utilized for fast py-
rolysis of microalgae in which sand is used as a heat carrier where
temperature management is quite simple and effective heat transmission
to the biomass is affected (Hayes, 2013). The carrier gas flow rate reg-
ulates the char and vapour’s residence duration. The residence duration
of the solid particles is longer than that of the vapours. The sand and the
pyrolysis products leave the reactor at the CFB simultaneously (Ding
et al., 2016). Cyclones are implemented for the separation of the sand
and char particles from the gaseous products, which are then delivered
to a combustion chamber prior to recycling the gas into the fluid bed
reactor. The sand is heated by the char combustion process and then
recycled back into the pyrolysis reactor. However, this reactor
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Fig. 3. Diagrammatic representation of fluidized bed reactor for biomass pyrolysis.

Reprinted with the permission of Elsevier from Papari and Hawboldt (2015).




arrangement allows for the recycling of solid ash back into the pyrolysis
reactor, which may result in an unfavourable ash build-up and reduce
the liquid output (Trinh et al., 2013).

The feasibility of recovering nutrients and energy through the py-
rolysis of microalgal by-products was investigated by Wang et al.
(2013). The biomass of Chlorella vulgaris was initially solvent-extracted
to recover the lipids and the remains were employed as feedstock for
studies involving fast pyrolysis in a fluidized bed reactor at 500 °C. The
bio-oil, charcoal, and gas yields were determined as 53 wt.%, 31 wt.%,
and 10 wt.%, respectively. A sophisticated combination of aromatic
compounds and hydrocarbons, phenols, amines, and other substances
with molecular weights varying from 70 to 1200 Da made up the bio-oil
made from the C. vulgaris remains. Biochar with a high inorganic com-
pound content could be utilized to provide nutrients for crop develop-
ment. The energy contentof the microalgae residual feedstock was made
up of 57% bio-oil and 36% biochar, respectively.

Flash pyrolysis was used in a study by Urban et al. (2017) to assess
the liquid fuels produced from oleaginous biomass feedstock. The
structure and development of a fluidized-bed flash pyrolysis reactor at a
laboratory scale allowed for rapid heat transmission to the biomass and
a brief vapour residence period. The temperature range used for pyrol-
ysis was between 250-610 °C, and the vapour residence period was 0.2
s-0.3 s. Around 70% of the primary mass and carbon feedstocks were
converted into bio-oil at 550 °C or higher. In addition, under these py-
rolysis conditions, 90% of the lipid feedstocks were converted into bio-
oil. Compared to bio-oil derived from wood, the bio-oil generated in this
study had a high carbon, hydrogen, and calorie content, and low oxygen
and water content. These findings demonstrate that oleaginous feed-
stock can be flash pyrolysed to produce bio-oil in high amounts. Table 2
provides an overview of the pyrolysis of microalgae for bio-oil
production.

3.1.5. Vacuum pyrolysis reactors

Vacuum pyrolysis reactors follow the principle of converting biomass
raw materials in low-pressure environments while maintaining addi-
tional conditions of the slow pyrolysis process. Vacuum pyrolysis re-
actors conduct a semi-fast pyrolysis process which helps with the vapour

dwelling time as well as a comparatively slow transfer of heat and mass
to and across the solid biomass (Raza et al., 2021). The vacuum is uti-
lized to remove vapour and help the decomposition to occur at lower
temperatures. This fast vapour removal is advantageous and assists in
the production of a higher quality bio-oil and porous biochar (Gabhane
et al., 2020). Pyrolysis using vacuum reactors generates products that
are structurally similar to the original biomolecular chemical arrange-
ments due to the minimization of the secondary degradation reactions
enabled by volatilization (Kazemi Shariatb Panahi et al., 2019). After
collection, the fragmentation residues are then subjected to condensa-
tion and then cut under high atmospheric pressure conditions to reduce
high boiling points.

Vacuum pyrolysis reactors self-regulate vapour control, which al-
lows biomass particles to be decomposed simultaneously to the collec-
tion of vapour (Kazemi Shariatb Panahi et al., 2019). Further, this
process does not need any carrier gasses and can be performed on large
biomass particles. Lam et al. (2019) conducted a comparative analysis of
microwave vacuum pyrolysis with traditional methods in terms of
technological and commercial viability, especially in cases of co-
processing. By demonstrating a high rate of heating, a high tempera-
ture for processing, a shorter processing time, less electricity consump-
tion, and a large bio-oil yield (84 wt.%), the results indicated that
microwave vacuum pyrolysis was advantageous. The produced bio-oil
was much cleaner and free of harmful residues. However, the authors
did not elaborate on the classification of plastic waste used in this
method or investigate which kind of plastic waste is best suited for this
method.

Another study conducted by Fan et al. (2018) discussed a method of
non-thermal plasma synergistic catalysis (NPSC) that upgrades the va-
pours from biomass in vacuum pyrolysis reactors in the preparation of
biofuel. The results revealed a higher hydrocarbon content in bio-oils
and improved physical and chemical properties. However, the
approach reduced the overall bio-oil production. Min Ju et al. (2018)
analysed the performance analysis of vacuum pyrolysis reactors and the
resulting biofuel properties and commercial capacity. Their analysis
showed a higher yield and quality of fuel produced from vacuum py-
rolysis and the effect of pyrolysis on moisture and oxygen composition
Comparisons with other pyrolysis reactors were not completed, leaving

Table 2
Bio-oil yields from microalgae pyrolysis.

Pyrolysis Microalgae Conditions of pyrolysis Yield of bio-oil (wt.%) Reference

Fast pyrolysis Botryococcus braunii 600 °C 65 Piloni et al. (2021)
C. vulgaris 550 °C 47.7 Sotoudehniakarani et al.

(2019)

Nannochloropsis 480 °C 20-31 Priharto et al. (2020)
gaditana

Slow pyrolysis Spirulina platensis 556 °C 66.04 Rocha et al. (2020)
Dunaliella salina 500-550 °C 55.4 Yang et al. (2019)

Catalytic pyrolysis Nannochloropsis sp 400 °C 47.84 Tang et al. (2021)
Spirulina Platensis 450 °C 43.6 Mo et al. (2020)
Chlorella 450-550 °C >40 (ex-situ catalyst); 40 (in-situ Shirazi et al. (2020)
sorokiniana catalyst)

Pyrolysis of microwave-assisted (with Chlorella sp Microwave power at 600 watts, 20.57 Qadariyah et al. (2021)

catalyst) t = 20 min, CaO catalyst

Chlorella vulgaris Catalyst TiO, 14.74 Chen et al. (2021a)
Scenedesmus Species 60 °C 20.8 per gm Mamo and Mekonnen (2020)

Microwave-assisted pyrolysis (without C. vulgaris and N. 300 °C 38 (C. vulgaris) Tsubaki et al. (2019)

catalyst) occulata
Co-pyrolysis with microwave Chlorella vulgaris 40% addition of Fe/AC 25.6 Chen et al. (2022)

Chlorella vulgaris
10:0

Optimal avg weight loss, CV:RS =

19.2, hydrocarbon 20.73 Wei et al. (2023)

Co-pyrolysis without microwave Nannochloropsis sp. (NS)  Fixed bed reactor

65.17 Tang et al. (2019)




a proper analysis of vacuum pyrolysis’s performance incomplete.

3.1.6. Ablative pyrolysis reactors

Ablative pyrolysis reactor systems are suitable for the use of large
substances as stock in addition to fine smaller particles which saves the
cost of grinding. In this process, the biomass goes through melting and
possibly sublimation since it has direct contact with a hot and solid
surface. The biomass surface also has a vertical temperature gradient
following the creation of a thin layer of reacting solid (Luo et al., 2017).
This thin layer then proceeds to the centre of the colder biomass at a
fixed rate, so the entire reactive process occurs only in the superficial
layer and not across the entire biomass. The rate of reaction is not
constricted by the heat movement through the entire particle. In this
kind of reactor, the heat moves down away from the scathing plane of
the reactor to the biomass, which stays mechanically pressed against the
reactor’s scorching plane. When the mass is removed, the melted layer
evaporates and converts into pyrolysis products. In comparison to other
traditional reactors, the reaction rate for ablation is not regulated by the
movement of heat along the biomass particles of the biomass (Khuen-
kaeo et al., 2020; Khuenkaeo and Tippayawong, 2018) which allows the
use of larger biomass particles. This kind of reactor does not need an
inert gas for maintaining a pyrolytic environment. It needs a vacuum
condition or a gas acting as a carrier with a fast flow rate so that pyro-
lytic products can be removed in a short time.

A study carried out by Wise et al. (2019) discussed fast pyrolysis in an
ablative reactor for the transformation of lodgepole pine into vapours.
Later on, these vapours are converted to aromatic hydrocarbon
following an ex-situ catalytic approach. Results showed that this method
is possible to be made portable and an efficient way for alternative en-
ergy production even without the need for pre-treatment and move-
ment. Although this process is shown to be environmentally and
economically stable, there has not been sufficient comparative analysis
with other pyrolysis methods. Auersvald et al. (2020) also studied the
possibility of using ablative fast pyrolysis in a mobile unit using cellu-
losic residues as biomass for transformation into bio-oil. Ablative py-
rolysis in a mobile unit not only helps minimize the overall project cost
but also the possibility of waste and errors. The advantage of the ablative
fast pyrolysis reactor as a mobile application over others was, however,
not thoroughly discussed. A comparative analysis performed by
Khuenkaeo and Tippayawong (2018) discussed the potential of ablative
fast pyrolysis as an eco-friendly method for the conversion of biomass
into biofuel. This study used corncob pellets as the biomass and the
investigation showed that a good quality of fuel and highly oxygenated
hydrocarbons were obtained. The study also found that the required
temperature was lower and the yield higher than other methods. The
benefit of this method over others in terms of eco-friendliness has not
been thoroughly examined in this paper.

3.1.7. Microwave-assisted pyrolysis

The widespread adoption of microwave-assisted pyrolysis (MAP) as a
method for producing biofuels from various biomass sources such as
macro and microalgae (Hong et al., 2017; Huang et al., 2017), agricul-
tural and forestry waste, and even human waste has contributed to its
rising popularity in recent years. Unlike conventional methods of pro-
ducing thermal energy via thermochemical conversion, MAP generates
heat from within the biomass and outwards. The MAP is renowned for its
quick processing time, effective heat transfer, low energy consumption,
and uniform and selective internal heating. It is also an approach that
works well when working with feedstocks that have a high moisture
content, unlike some alternatives (Zaker et al., 2019). Microwaves
penetrate the feedstock particles in MAP, releasing thermal energy. This
causes a temperature gradient from the particles’ interior to their
exterior, and the volatile compounds are diffusely discharged from the
particles’ inside to their exterior via low temperature area (Zhang et al.,
2020). Since this type of heating is dependent on the interactions be-
tween radiation and the feedstock, the production and quality of the

biofuel derived from biomass are also strongly associated with biomass
properties (Wang et al., 2015).

The use of a continuous MAP technique to generate biofuel from
plastic wastes was reported by Chen et al. (2021b). They studied the
results of temperature changes, the composition of plastic content, and
fuel yield. Their results showed that greater temperatures caused the
generation of more stable hydrocarbons of a light composition. Low
energy use throughout the process was also demonstrated. The study
lacked in-depth research on the properties of used plastic and a com-
parison of this technique with other traditional methods. The use of MAP
in the case of macroalgae was discussed by Gautam et al. (2019) and the
results recorded higher production of carbon monoxide, methane and
hydrogen. MAP also had a higher deoxygenation and condensation rate.
The major amine in MAP was recorded to be ammonia and heterocyclic
nitro compounds. This study focussed on analytical fast pyrolysis and
lacked a broader scope of comparison. Zbair et al. (2018) proposed a
novel method of utilizing MAP for the fast production of porous carbon.
In this method, H,O2 (hydrogen peroxide) was used as an activator and
almond shells as the biomass. This method showed good potential for
removing antibiotics from treatment facilities, however as it was a novel
study, further research on commercial viability and wide-scale imple-
mentation is needed.

3.1.8. Microalgae co-pyrolysis with other feedstocks

Co-pyrolysis, in which multiple materials are used as feedstock, is a
simple and efficient method that has been shown to significantly in-
crease biofuel yield and quality. Several studies have shown that the
enhanced biofuel quality is due in large part to the co-pyrolysis collab-
orative effect on the feedstock (Hassan et al., 2016). The usability of the
resulting bio-oil has been demonstrated to increase due to a drop in
oxygenated molecules, which in fact has been associated with a prom-
inent collaborative event between the extra reactants and the biomass
(Cao et al., 2018; Wu et al., 2020; Yang et al., 2019). Co-pyrolysis that
uses substances rich in hydrogen and biomass has been shown to convert
waste materials into useable raw resources. This contributes to pro-
tecting the environment and recycling resources. Microalgae co-
pyrolysis with other compounds has been found to increase aromatics
production and biofuel yield (Wang et al., 2016).

Varsha et al. (2021) studied the co-pyrolysis of microalgae, solid
waste as well as a mixture of both. The investigation showed microalgae
was resistant to thermal heat while solid waste was more sensitive. The
data obtained from the co-pyrolysis can be utilized in designing reactors
dealing with similar wastes, however this method has not been studied
in this paper for other kinds of wastes such as municipal liquid sludge.
Aromatic hydrocarbons were processed utilizing HZSM-5 and examined
by Qi et al. (2018), who obtained them by the co-pyrolysis of poly-
propylene and microalgae. The co-pyrolysis showed a collaborative ef-
fect in creating aromatic hydrocarbons than if the reaction had been
carried out individually. This increased the yield as well as the hydro-
carbon production time. This method’s sustainability and efficiency
were not discussed in light of other methods, so a gap in understanding
the best reactor for this case remains.

3.2. Hydrothermal liquefaction

The conversion of biomass from its solid state into the liquid fuels
that humans use is not a ready and natural process. Rather, it requires
years of geochemical processing or artificial thermochemical or
biochemical conversions. Thermochemical conversions happen at a
much higher temperature and more rapidly than biochemical conver-
sions (Krishnan et al., 2022). This type of conversion usually improves
the biomass by heating it in a pressured and oxygen-deficient system.
Hydrothermal or direct liquefaction is one kind of thermochemical
conversion which converts biomass to liquid fuels by treating it in a hot,
pressured water environment for enough time to breakdown the solid
biomass into its liquid components.



The most efficient results in hydrothermal liquefaction are produced
at high temperatures and pressures, and the process is based on the
principle of reacting biomass with water found in hydrothermal envi-
ronments (Fig. 4). Many depolymerizing reactions, including hydrolysis,
decarboxylation, and dehydration, occur in this process, with the end
result being intermediate compounds that are water-soluble (Castello
et al., 2018). This method is advantageous due to the sterilizing effects of
its components that are biologically active. The subsequent condensa-
tion and repolymerization reactions produce biofuel that is insoluble in
water. The dependency of this method on specific temperatures and
pressures makes it more susceptible to errors and halts the continuous
flow process.

3.2.1. Pretreatment

Due to the structure of lignocellulosic feedstock, the process of pre-
treatment is required to break down the cross-links in the mass so that
the accessibility and degradability of fibrils and matrices are enhanced
before they are moved into processes such as hydrolysis, fermentation,
or digestion in an anaerobic state (Soltanian et al., 2020). An effective
pretreatment procedure for microalgae can result in the easier use of
constituents for a variety of implementations. Pretreatment methods
used on microalgal biomass are usually categorized as mechanical,
chemical, thermal, or biological (Sankaran et al., 2020). Chemical pre-
treatments are most admired due to their low-energy demand, and ease
of scalability. Also, it changes the biomass when it comes to the chemical
structure and enhances the process of pyrolysis (Nagarajan et al., 2020).
The physical qualities of biomass particles, such as size, shape, and
density, determine the handling of the material as well as its flowability,
which are crucial for sustaining an uninterrupted feeding system
(Sivabalan et al., 2021). Along with this, the elemental and proximate
analyses, affect the arrangement and pyrolysis products’ properties.
Even with the innate heterogeneous nature of biomass, many physio-
chemical and thermal pretreatments help in achieving biomass homo-
geneity. Homogeneous feedstock materials with unvaried physio-
chemical properties have a substantial impact on the pyrolysis process
and the quality of the end products. Even with their additional costs,
pretreatments are beneficial in providing consistent feedstock for power
plants (Rezaei et al., 2019).

Lin et al. (2019) assessed the existing hydrothermal pretreatments
for hydrolysis and generation of bio-methane and bio-hydrogen from
seaweed. Their results showed that the heat released during

pretreatment is crucial in attaining significant energy efficiency.
Recovering the heat from pretreatment can increase energy efficiency by
a significant amount. The breakdown of micro and macro structures of
seaweed has been shown to improve biofuel production. Recovering
heat from pretreatment and its viability were not discussed to any great
extent. Mahmood et al. (2019) comprehensively discussed the process of
selecting and utilizing correct pretreatment processes based on the final
products (biofuels, composites, or chemicals) and the biomass best
suited for a particular treatment process. Results revealed that reaction
time and energy used can be lowered to an extent if assisted by micro-
wave reactors. Further analysis based on this study to understand
treatment applications at a commercial level and techno-economic
sustainable settings is required.

3.2.2. Hydrothermal liquefaction

Liquid forms of fuel energy are more convenient for many uses,
especially for transportation, feeding engines or turbines, and increasing
energy density (energy distribution of raw solid biomass is generally
lower). This is why there are many thermal, chemical, and biological
conversion systems to transform biomass into liquid fuel. Hydrothermal
liquefaction (HTL) of biomass is an initial successful thermal conversion
technology for the efficient valorization of a range of biomass feedstocks
(Castello et al., 2018; Katongtung et al., 2022). It is incredibly flexible
when working with feedstock, with the potential to generate lower ox-
ygen levels and work with wet biomass (Gollakota et al., 2018). Hy-
drothermal liquefaction is based on a principal reaction of biomass or
other organic materials with water present under standard hydrother-
mal conditions. The water in these conditions remains liquid or in a
supercritical conformation with high density. Due to the incorporation
of a wet reaction setting, HTL is good for damp feedstocks omitting the
drying need. During the refining of HTL, the biomass or organic material
undergoes many depolymerization reactions, such as hydrolysis,
decarboxylation, and dehydration, to obtain water-soluble
termediates. Further repolymerization includes many mechanisms of
condensation to form non-water-soluble compounds, including bio-
crude and biochar.

Alherbawi et al. (2021) studied the yield of biofuel from manure
using hydrothermal liquefaction and the potential upgrade to drop-in
fuels. The adoption of this process showed a yield of 37.9% bio-crude
and was upgraded to bio-gasoline. This gasoline helps reduce green-
house gases by almost 7%, showing the sustainability potential of hy-
drothermal liquefaction. A theoretical framework for the
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commercialization of this method was discussed but the lack of its
implementation does not give a complete picture of the full potential of
this route. Masoumi and Dalai (2021) discussed hydrochar, a popular
by-product of hydrothermal liquefaction when algae are used as
biomass, and assessed the techno-economic aspects and life cycle of
algal bio-oil generation through liquefaction oxygenation. This method
showed significant enhancements in yield and the environmental effect
on the bio-oil production process. Utilizing the by-product of liquefac-
tion improves the sustainability of this method.

Photobioreactors were utilized for the development of the micro-
algae Chlorella vulgaris using hydrothermal liquefaction by Khan et al.
(2018) for the subsequent production of bio-crude oil. Microalgae pro-
duced 0.93 g per litre of biomass and it was harvested with 250 mg per
litre of ferric chloride. The outcomes of laboratory-scale experiments
were compared to a model created for the simulation of the hydro-
thermal liquefaction (HTL) process. While modelling predicted 38% of
bio-crude oil formation, laboratory-scale trials produced 30% bio-oil.
The generation of bio-oil and other products, such as organic mole-
cules in the aqueous phase, was estimated by the model based on the
chemical composition of the microalgae. This also aided in under-
standing how nitrogenous chemicals are formed. However, to calculate
the energy, water, and land requirements for the production of bio-crude
oil from microalgae Chlorella vulgaris via the HTL approach, a

continuous process must be evaluated.

The study conducted by Durak et al. (2022) investigated how waste
process water affected the development of useful- pathogenic fungi and
algae. Biomass was obtained from Ammi visnaga; catalysts were metal
powders of Cu, W, and Fe; fungi included Trichoderma harzianum, Ver-
ticillium dahlia, and Trichoderma virens; and algae included Chlorella
minutissima. In experiments, temperatures of 250, 275, 300, and 325 °C
and times of 0, 15, 30, and 45 min were chosen. The techniques of TOC,
GC-MS, XRD, and elemental analysis were employed to characterize the
sample. Light bio-oil was effectively processed at 300 °C, but heavy bio-
oil required 325 °C. In the presence of Fe catalyst, the maximum HHV
value of 30.30 MJ/kg was achieved. It was shown that waste process
waters promote the growth of beneficial fungi and algae while inhibiting
the formation of pathogens.

The thermochemical processes along with their methods, products
involved, energy carriers, advantages, and disadvantages are tabulated
in Table 3.

Not all conversion mechanisms are suitable for all applications; this
relies on aspects including feedstock qualities, process conditions, and
the intended end products, among others. Some of the challenges of
using these conversion mechanisms to produce bio-oil may be alleviated
as research and development continue. The advantages and disadvan-

tages of the conversion mechanisms are tabulated in Table 4.

Table 3
Thermochemical processes and their methodologies, energy carrier, advantages, and disadvantages.
Thermochemical Main task Procedure involved Main Energy Advantages Disadvantages References
process products carrier
Torrefaction To convert In an innocuous or - Solid coal - Heat - Moisture content is - Difficult to Ribeiro et al.
microalgae biomass  oxygen-deficient fuel - Electricity reduced disintegrate coal (2018), Niu et al.
into energy environment, micro - CO, CO,, Hy, - Energy density is - Substantial (2019) and
biomass was CH,4, benzene, increased inorganic matter Cahyanti et al.
progressively heated toa  toluene, and - O/C ratio is reduced - High porosity (2020)
maximal degree of 300 CxHy - Thermal value is (helps to absorb
°C increased during
- Both the duration and  preservation)
reactivity of processed
fuel are enhanced
Pyrolysis To convert biomass In an oxygen-deficient Methane, - Charcoal - Low-cost, user-friendly - There is greater Khuenkaeo et al.
into an aqueous atmosphere, the hydrogen, - Heat method for processinga  complexity in the (2020), Wise et al.
phase substance was subjected carbon - Electricity wide variety of product flow than (2019), Auersvald
to extreme temperatures monoxide and feedstocks there is in most et al. (2020),
and undergoes carbon - Reduces the volume of  alternative Chen et al.
physiochemical dioxide waste directed to processes (2021b),
segregation into separate landfills and mitigates - Since the product Gautam et al.
molecules the emission of gases contain so (2019) and
greenhouse gases much CO, they must ~ Varsha et al.
- Reduces the chance of  be treated before (2021)
water pollution being released into
the living space
Gasification To convert algal Used a regulated supply Carbon - Heat - Suitable for damp - In contrast to the Kamble et al.
biomass into of oxygen and/or steam monoxide, - Electricity biomass updraught gasifier, (2019),
gaseous fuels to transform organic or hydrogen, - - Can be used in there is no internal Shahabuddin
fossil-based carbon and carbon Combustion commercialization heat transfer et al. (2020),
containing materials dioxide gases - Less effective and Hameed et al.
with extreme because of the (2021)
temperatures (>700 °C) limited thermal
without ignition efficiency of gases
Liquefaction Thermochemical The polymer framework Bio-oil, - Heat The aqueous phase, - High processing Sankaran et al.
conversion of was broken down into biochar, and - Electricity which includes C, N, constraints (2020), Lin et al.
biomass into liquid liquid constituents in a water-soluble and P ingredients, can - Biocrude with a (2019),
fuels high-temperature organic be recycled and used in ~ higher oxygen and Mahmood
pressurized atmosphere compounds microalgae cultivation content relative to et al. (2019)
for less than 60 min its heating value
Hydrothermal Thermochemical The aqueous biomass Aldehyde, - Heat - Not very energy - Need for highly Castello et al.
conversion of was heated at extreme alcohol, - Electricity intensive developed (2018), Gollakota
biomass into biooil pressures to create an ketone, acetic - Charcoal - Extremely high energy ~ autoclaves et al. (2018),
or biofuel energy transporter witha  acid, phenol, density in comparison - Lack of ability to Masoumi and
greater capacity fatty acid. to the original observe the Dalai (2021) and

component

crystal’s formation

Alherbawi et al.
(2021)




Summary: Depending on the characteristics of the biomass feedstock
and the desired characteristics of the bio-oil output, the most advanta-
geous conversion method can be determined. For instance, while py-
rolysis can yield a high-energy bio-oil, it also creates substantial
amounts of char and gas as byproducts. Hydrothermal liquefaction and
gasification are more sophisticated and expensive processes, but they
can yield a more consistent bio-oil output. While commonly employed
for certain feedstocks like vegetable oils and sugars, transesterification
and fermentation may not be applicable to all biomass.

4. Upgrading of bio-oil from microalgae

Bio-oil needs to be fine-tuned and upgraded, which is done so the
specifications of the product correspond to current transportation in-
frastructures. The main objective of upgrading is to eliminate oxygen
content and reduce the solid content, ageing potential, and viscosity.
Upgrading techniques fall into two main categories: physical and
chemical upgrading (Sharifzadeh et al., 2019). To meet the fuel

Table 4

Advantages and disadvantages of the conversion mechanisms (pyrolysis, hy-

drothermal liquefaction and gasification).

Conversion Advantages Disadvantages

mechanisms

Pyrolysis - Produces stable bio-oil witha - Temperature regulation is
high energy density. crucial for optimum
- Able to process numerous outcomes.
feedstocks, including - Char can form, which will
lignocellulosic biomass. render the catalyst useless.
- Bio-oil can be enhanced and - There may be a need for
utilized as a fossil fuel additional purification.
substitute. - Inefficient processes often
- The pyrolysis-produced have large energy demands.
syngas can be utilized for - Transporting and managing
energy generation. feedstocks can be difficult.
- As a soil amendment, biochar
byproducts contribute to
carbon sequestration.

Hydrothermal — Ability to transform wet — The cost of operations

liquefaction biomass effectively without increases when pressure and

drying it first. temperature are both high.
— Accepts a large variety of — The product may contain
feedstocks for processing, such  trace amounts of nitrogen
as microalgae and sewage and sulphur compounds.
sludge. — It is possible for catalyst
- Produces a bio-oil of deactivation and reactor
sufficient grade to be used asa  fouling to develop.
direct fuel replacement. — The transition to an
- Possibility of recovering industrial scale might be
nutrients from sewage systems.  difficult.
— It is possible to meet the — Energy consumption can
energy needs of a process with  increase significantly during
the help of excess or waste aqueous phase separation
heat. and treatment.

Gasification — Clean and flexible syngas are  — Needs precise regulation of

produced through the efficient
combustion of biomass.

— Syngas has many potential
applications, including
electrical and thermal energy
production as well as biofuel
and chemical production.

- Adaptable to a wide range of
feedstocks, such as wood and
agricultural waste.

— The implementation of
carbon capture and storage
(CCS) techniques could reduce
emissions of greenhouse gases.
- By replacing fossil fuels with
syngas, we can use less of these
finite resources.

operational parameters to
produce the required gas
composition.

— The removal process could
become more involved if tar
forms.

— Ash can cause problems
with reactor fouling and gas
cleaning.

— Gasification plants can
have substantial initial
investment costs.

— Syngas purification
requires a gas cleaning
system to eliminate
contaminants.

standards on which petroleum is based, bio-oils require to be upgraded
as the bio-oil generated through hydrothermal liquefaction (HTL) is of
low quality compared to petroleum-based fuels. Various methods are
developed to upgrade bio-oil, as shown in Fig. 5. These methods include
catalytic pyrolysis, emulsification, hydrodeoxygenation, molecular
distillation, hydrogenation, catalytic cracking, esterification and su-
percritical fluids (SCFs) (Baloch et al., 2018).

Biofuels obtained via the process of thermochemical conversion can
occur in liquid, gas, or solid. Microalgae properties can be enhanced
through torrefaction to make better use of solid fuels. Bio-oil is the main
product of the liquefaction process. Biochar and bio-oil can be obtained
from the pyrolysis of microalgae. Methane and syngas are the by-
products of the microalgae gasification process. Syngas is a combina-
tion of carbon monoxide and hydrogen. Torrefaction is a thermochem-
ical conversion technique that improves the calorific value of
microalgae by upgrading it (Chen et al., 2015). First, the microalgae
undergo thermal degradation at 1 atm in a nitrogen environment or an
inert environment at a temperature of around 200-300 °C from several
minutes to hours. This process is similar to the pyrolysis process except
that pyrolysis occurs at a temperature of about 350-650 °C (Chen et al.,
2014).

Microalgae’s pyrolytic process with a temperature range of 25-800
°C can be broken down into four stages (Chen et al., 2014b). Stage one is
dehydration at a temperature range of 25-200 °C. Stage two is depoly-
merization, the thermal decomposition of carbohydrates and proteins
which leads to the process of cracking with temperatures ranging from
200-430 °C, and decarbonization. Stage three is lipid thermal degra-
dation with temperatures ranging from 430-530 °C. Lastly, stage four
involves slow and continuous carbonaceous matters causing a loss of
weight within a temperature range of 530-800 °C. Accordingly, during
the process of torrefaction microalgae are partially dehydrated and some
of their proteins and carbohydrates are partially decomposed, leading to
partial carbonization. During pretreatment, duration and temperature
play a big role in the torrefaction process. However, temperature im-
pacts the biomass more than duration. The extent of the torrefaction
process can be differentiated as severe, mild, and light torrefaction at
temperature ranges of 275-300 °C, 235-275 °C, and 200-235 °C,
respectively (Chen et al., 2014b). Table 5 lists compositional, elemental
analyses and various microalgae heating values.

Maintaining the quality of bio-oil is crucial that can be enhanced by
employing refining processes. These processes are utilized to purify the
oil, keep it from degrading, and improve its quality so that it can be used
in a wide range of applications (Atadashi et al., 2011). Some typical
refining processes to improve the quality of bio-oil include filtration,
sedimentation, centrifugation, solvent extraction, acid/base treatment,
catalytic upgrading, and distillation. Depending on the desired out-
comes and parameters, these refining methods can be utilized separately
or in combination during the bio-oil refining process (Gupta et al.,
2021). The nature of the feedstock, the quality of the final product, and
its intended use all play a role in deciding which processing methods to
employ.

Bio-0il must be stored and transported properly to maintain its
quality, avoid degradation, and allow for safe handling. To prevent
oxidation, bio-oil can be kept in storage containers specifically designed
for the substance and constructed from nonreactive materials. Main-
taining a consistent temperature and avoiding significant fluctuations in
temperature are essential for this. The purity of the oil can be preserved
through careful handling and filtration (Pinheiro Pires et al., 2019).
Important factors include container suitability, leak prevention, and
limiting exposure to air and moisture during transit. The quality and
safety of bio-oil in storage and during transport are further ensured
through compliance with regulations, continuous monitoring, and
quality control procedures.
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Table 5
Various microalgae and their elemental analysis of carbon, nitrogen, hydrogen, and oxygen, composition of protein and lipid, and heating values.
Microalgae Elemental Elemental Elemental Elemental Composition Composition HHV Ref.
analysis (weight analysis (weight analysis (weight analysis (weight (dry-as%) of (dry-as%) of (MJ kg
%) of carbon %) of hydrogen %) of nitrogen %) of oxygen protein lipid -
Chlorella vulgaris 45.04 6.88 9.79 29.42 61.24 5.71 19.44 Wang et al.
residue (2013)
Chlamydomonas sp. - - - 12.18 6.85 17.41 Chen et al.
Residue of JSC4 (2014a)
Nannochloropsis 50.06 7.46 7.54 34.47 19.1 24.8 21.46
oceanica
Nannocloropsis 39.90 5.50 6.20 39.00 20.00 16.80 Du et al.
oculata (2012)
Chlamydomonas 52.00 7.40 10.70 29.80 29.80 18.10 23.00 Kebelmann
reinhardtii (wild) et al. (2013)
Scenedesmus 37.37 5.8 6.82 50.02 30.38 4.66 16.10 Chen et al.
obliquus CNW-N (2014b)
Spirulina platensis 45.70 7.71 11.26 25.69 - - 20.46 Wu et al.
(2012)
Arthrospira 36.49 6.12 7.89 49.51 - - 12.66 Ho et al.
platensis (2018)
C. vulgaris 45.66 5.9 9.05 31.95 31.17 13.99 18.77 Phusunti et al.
(2018)
Nannochloropsis 53.98 8.18 8.42 29.42 52.63 1.10 21.02 Zhang et al.
oceanica (2019)

4.1. Physical upgrading

Some of the methods for the physical upgrading of bio-oil to enhance
its quality include filtration, emulsification, and solvent addition.
Filtration is a simple and widely employed technique for removing bio-
oil of solid particles and char residues. Filters and membranes are uti-
lized to eliminate the contaminants from the oil (Kumar and Strezov,
2021), resulting in a more visible and pure product. A major advantage
of hot vapour filtration is that it considerably reduces char and ash
levels, hence preventing secondary reactions. Additionally, this filtra-
tion method increases the burning rate and reduces the delay in fuel
ignition. Emulsification can occur by adding diesel to the oil. The liquid
microstructure is modified by ethanol or methanol (polar solvents)
addition. This dissolves components that are less soluble eventually
stabilizing the ageing process. Other results from this method are a
reduction in bio-oil viscosity and homogenization (Sharifzadeh et al.,
2019).

Arthrospira platensis (A. platensis) has a spiral shape which is usually
called spirulina (Bocker et al., 2021). According to historical classifi-
cation, it is a blue-green alga while phylogenetically it is a cyanobac-
terium. Bocker et al. (2021) investigated the emulsifying capability of

A. platensis when its proteins were isolated and demonstrated the for-
mation of an interfacial network. Moreover, they hypothesized a
mechanistic difference in purification progress. They also found that
emulsions with a 20% by volume of medium-chain triglycerides (MCT)
oil can potentially be formed by the purification of all extracts at
different temperatures. Upon normalizing the concentrations of protein,
the isolated fractions and smaller droplets can also be stabilized. While
other single cell proteins or proteins of microalgae are purified, the
functionality must be improved to counteract biomass loss when other
single cell proteins or proteins of microalgae are purified (Bocker et al.,
2021).

4.2. Chemical upgrading

Some of the methods for the chemical upgrading of bio-oil to
enhance its quality include zeolite cracking, hydrothermal treatment,
gasification, steam reforming, esterification, and hydrodeoxygenation
(HDO). Instances of how some of these processes help to upgrade
microalgal bio-oil are discussed in the following. Zeolite cracking
(reverse of hydrotreatment) decreases the distributed components of
bio-oil by releasing carbon dioxide in the form of oxygen atoms. This



decreases fuel yield by reducing the need for expensive hydrogens.

Tao et al. (2021) studied mixed microalgal culture’s growth and how
to efficiently remove nutrients by adding and not adding zeolite in
natural conditions in a low concentration. Using microscopy, they found
microalgal cells growing on the surface of particles of zeolites. This
helped them understand that zeolite has the potential to support the
growth of microalgae that has been attached to it. However, when doses
of zeolite were added in a higher amount within the reactor, solution
turbidity was found to increase rapidly causing the zeolite particles to
break down into finer particles. The decrease in light penetration due to
the removal of ammonium does not benefit the growth of microalgae.
Hence, we can infer that a low dosage of zeolite minimizes the effects of
turbidity and functions as a microcarrier toincrease the concentration of
microalgal biomass. This also helps remove ammonium efficiently.

The application of hydrothermal processing was investigated by
Sharifzadeh et al. (2017) for the upgrading of pyrolysis oil using critical
water. The results found that within half an hour or less, about 30% of
hydroxyl compounds can be deoxygenated using hydrothermal
upgrading (HTU) (Sharifzadeh et al., 2019). Thismakes HTU suitable for
first-stage upgrading of bio-oil for a shortened residence time. Addi-
tionally, for the production of hydrogen, the product obtained in the
aqueous phase of HTU is a suitable feedstock (Sharifzadeh et al., 2015).
The water-soluble fractions resulting from the hydrothermal process
treatment of microalgae that have been defatted contain effective
nutritional sources for the growing of microalgae. The nutrient sources
include phosphorus as well as nitrogen (Aida et al., 2017).

Effluents used to cultivate Chlorella vulgaris were produced from a
process called supercritical water gasification (SCWG) (Nurcahyani and
Matsumura, 2021). This was undertaken at 400 °C and 600 °C after
which Bristol medium was added. An enhanced growth rate was found
for a specific medium with effluent at 600 °C. This study explained why
SCWG effluents show more potential for the cultivation of algae rather
than effluents from hydrothermal liquefaction. Additionally, this study
observed 2.5 times higher accumulation of phosphorus in the algae
within SCWG media effluents. From this, they inferred that for the
recycling process of nutrients, a mixture of SCWG and C. vulgaris can
potentially be used.

Summry: The oxygen and substances found in microalgal bio-oil
make it inappropriate for direct use in most internal combustion en-
gines. Therefore, bio-oil requires refinement before it can be used as a
sustainable fuel. Bio-oil derived from microalgae must be refined before
it can be used as a useable fuel. Bio-oil’s value and energy density can be
increased through the application of various upgrading processes, such
as thermal, catalytic, and hydrothermal upgrading, and the usage of bio-
refineries, making it a more sustainable and competitive alternative to
fossil fuels.

5. Commercial aspects of bio-oil utilization

Bio-oil, produced by methods like pyrolysis and hydrothermal
liquefaction, is gaining popularity and attention in the commercial
sector. Although bio-oil has demonstrated promising results as a
renewable energy source and fossil fuel replacement (Vamvuka, 2011),
its commercial deployment is in the early phase. Research and devel-
opment efforts have centred on making bio-oil production and refining
methods more reliable, cost-effective, and high-quality. In order to test
its viability and determine whether it might be scaled up, numerous
pilot and demonstration facilities have been set up around the world.
Potential uses for bio-oil include heat and power generation, as well as
being used as a feedstock in bio-refineries for producing goods like
biofuels and speciality chemicals. The technical and economic viability,
feedstock availability, and the necessity for further optimization of
refining and upgrading processes are all challenges that must be over-
come (Mirkouei et al., 2017). The economic potential of bio-oil and its
incorporation into the larger energy environment as a sustainable and
renewable alternative can only be realized with continued research,

investment, and governmental support.

The ability of microalgae to efficiently fix carbon rates and grow at a
faster rate than most other algae differentiates them from the rest (Chen
etal., 2014b). During their growth and harvest, they show a good ability
to capture and store carbon. They are known for various commercial
applications, including being assimilated into cosmetics, used as animal
fodder, and used to enrich food due to their high nutritional value
(Spolaore et al., 2006). Additionally, microalgae are commonly known
to have the ability to be mass produced and taken up as a greenhouse gas
which is why their potential as feedstock for the production of bio-oil is
so great (Chen et al., 2014). Third generation biofuels that used
microalgae biomass as feedstock include: biogas obtained from algal
biomass that is anaerobically fermented (mainly refers to methane);
photosynthetically generated biohydrogen; bioethanol produced from
starch; and biodiesel produced from lipids (Gilmour, 2019).

Triacylglycerol (TAG) has been widely researched and is known to be
the most promising for the production of biodiesel from the storage of
neutral lipids. The simple conversion of fatty acid methyl esters (FAMEs)
from triacylglycerols (TAGs) in the presence of catalysts such as alkox-
ides (e.g., sodium methoxide) or alkali metal hydroxides through the
process of transesterification makes TAG vital. Methanol can be used in
excessive amounts to enhance the reaction in the way we desire. The
process of transesterification occurs in a stirred tank, is a continuous
process requiring a temperature of 60 °C, and leaves glycerol as the end
product which can be taken away by continuous centrifugation. The
centrifugation process is useful for lowering the oil’s solids, water, and
heavy impurity content. By utilizing centrifugal force, heavy contami-
nants and water can be eliminated from the bio-oil during the centri-
fugation process. Denser impurities can be removed by centrifuging the
mixture and allowing them to settle to the bottom. It has been reported
that the transesterification process has a 99% efficiency rate (Gilmour,
2019). FAMEs are essentially biodiesel and are used in diesel engines
(Knothe, 2005). The very first diesel engine can be dated back to the late
19th century. This continued up until the 1920s after which petroleum-
based diesel replaced vegetable oils.

Species of Chlorella are grown on a normal medium called Watanabe
medium. For these species, biomass has a caloric content of about 18 to
21 kJ g1. In order to increase the proportion of liquid, cells are grown
with a limited amount of nitrogen. The increase of calorific value is
about 29 kJ g1 which equates to a total lipid content of about 63% (w/
w). Chlorella slurry was incorporated with rapeseed oil esters into a
liquid fuel which produced favourable results when tested in a diesel
engine. This clearly proved that high-energy neutral lipid algae cells
must be extracted in order to reach petroleum diesel’s calorie content.
The versatility of diesel engines was confirmed through this study. The
calorie content of FAMEs from microalgae was found to be approxi-
mately 38.5 kJ g1 which is almost 80% of petroleum oil’s standard
energy (Gilmour, 2019).

Summary: The cost is a major factor in deciding whether or not to use
bio-oil in an industrial context. In most cases, the price of making bio-oil
from microalgae exceeds the price of making more traditional fossil
fuels. Technological improvements, economies of scale, and government
subsidies are all reducing the price of bio-oil production. Using bio-
refineries to create a wide variety of products—from biofuels to chem-
icals to materials—can also help bring down the price of bio-oil. The
financial viability of bio-oil use is complicated by a number of issues,
such as price, supply, and infrastructural needs. However, bio-oil has the
ability to emerge as an environmentally friendly and economically
viable alternative to traditional fossil fuels, especially with the contin-
uous developments in technology and government assistance.

6. Opportunities and challenges
Bio-0il has a low environmental impact, but producing it from

microalgae pyrolysis is challenging and requires the application of
cutting-edge technology. Because of its high oxygen content, bio-oil has



qualities that hinder its use as fuel if it is not refined first (Sanchez-
Borrego et al., 2021). The use of microalgae pyrolysis for generating bio-
oil poses unique challenges, including high acidity, high viscosity, and a
low heating value (Lee et al., 2020a). However, these obstacles can be
overcome with the help of current technologies applied in an organized
way. Therefore, advanced technologies for the pyrolysis of microalgae to
produce bio-oil have the potential to improve boiler combustion, stim-
ulate engine and turbine performance, provide transportation fuels, and
serve as a renewable feedstock for chemical and material production
(Sharifzadeh et al., 2019).

The key challenges of bio-oil production by microalgae pyrolysis lie
in the lack of advanced technologies. For instance, intermediate pyrol-
ysis delivers alower yield which causesa higher proportion of secondary
products like char and reaction water (Zainan et al., 2018). Bio-oil
fractionation strategies come with multiple challenges. When water
and trace amounts of reactive oxygenated molecules and inorganic
compounds are present, they combine to form complicated structures
that are both acidic and thermally unstable (Kazemi Shariatb Panahi
et al., 2019). This presents a challenge in developing the idea of bio-oil
refineries. Given that bio-oil is a heterogeneous blend of compounds,
there is currently no reliable method for fully characterizing it. This
opens the door to new avenues for investigation and the development of
useful guidelines for the industry (Dabros et al., 2018). To reduce the
amount of time spent processing and the amount of secondary degra-
dation experienced by extremely unstable substances, cutting-edge
technologies are necessary (Lee et al., 2020b). Complex processes like
hydrodeoxygenation and catalytic cracking also require reliable reactors
with optimal settings (Srifa et al., 2019).

In recent years, some inland waters and oceans faced water blooms
caused by algae that harmed the environment and endangered the safety
of drinking water (Baloch et al., 2018). Species of algae that are often
eliminated via ecological and chemical approaches can be useful in the
production of bio-oil through pyrolysis. To protect the environment,
secondary pollution from algal blooms can be utilized to provide a
renewable fuel source (Hu and Gholizadeh, 2020). Bio-oil generated via
the pyrolysis process has a yield of about 60%-65% (Dabros et al.,
2018). Microalgae pyrolysis also produces bio-oils which can reduce
potential greenhouse gas emissions relative to fossil fuels by 60—80%
(Saber et al., 2016). Therefore, microalgae are a favourable alternative
to harmful fossil fuels because of their high lipid yields, prospective use
of poor-quality water in the production process, commercial feasibility,
and their productivity potential as a biofuel feedstock.

Summary: Microalgae bio-oil production has the potential for sus-
tainable energy and decreased carbon emissions. However, issues
including high cultivation costs, biomass composition, efficient extrac-
tion, and sustainable sourcing must be addressed before they can be used
widely or beneficial for commercial enterprises. To get over these hur-
dles and reach the full potential of microalgae-based bio-oil production,
continuous research and advances in technology are necessary.

7. Future prospects of bio-oil production from microalgae

Bio-oil production from microalgae has tremendous potential for the
long-term efficient use of both energy and materials. Technology,
research, and commercialization efforts will continue to improve, and
this is what is expected to remedy current issues and drive the sector
forward. Improving methods for growing microalgae is one such area.
Microalgae productivity is increasing as photobioreactors, closed-loop
systems, and genetic engineering approaches are lowering the amount
of water and nutrients needed for culture. This makes large-scale pro-
duction more economically feasible. These advancements may lead to a
dramatic rise in the quantity of microalgae biomass available for use in
producing bio-oil.

To increase bio-o0il production and enhance its quality, researchers
are also looking at new extraction and conversion techniques. Energy
efficiency, bio-oil stability, and production costs can all be improved by

ongoing efforts to perfect conversion technologies like pyrolysis and
hydrothermal liquefaction. The extraction of valuable co-products
including proteins, lipids, and carbohydrates from microalgae biomass
is facilitated by the integration of these processes with other biorefinery
operations. Sustainable and environmentally friendly harvesting pro-
cedures are also crucial to the future of microalgae-based bio-oil pro-
duction. To reduce the dependency on synthetic fertilizers and their
associated environmental damage, scientists are investigating the
feasibility of using waste and wastewater as nutrient sources. Further-
more, both the benefits of reducing GHG emissions and producing bio-
oil can be accomplished by the incorporation of microalgae cultivation
with carbon capture and utilization.

Standardized quality control techniques and certification schemes
for microalgae-based bio-oil could be established in the future. This
would guarantee uniformity in product quality, compatibility with
existing infrastructure, and compliance with regulations, allowing it to
fit in with the current energy market without any disruptions. As
mentioned earlier, the potential for microalgae to be used in bio-oil
production is promising. Microalgae-based bio-oil has the potential to
become a financially viable and environmentally sustainable alternative
to traditional fossil fuels due to ongoing advances in developing
methods, conversion technology, sustainability practices, and quality
control processes. As a result of its broad use, greenhouse gas emissions
might be reduced, energy security could be improved, and a more sus-
tainable and resilient energy future might emerge.

8. Conclusion

This article thoroughly reviewed the main mechanisms of microalgal
bio-oil production, as well as its economics, applications, and upgrading.
It also discussed the technological advancements, challenges, and
prospects of the production mechanisms. The different methods were
highlighted alongside the factors affecting the pyrolysis process. The
process of microalgae pyrolysis to produce bio-oil uses fewer chemicals
and is environmentally friendly. The maximum bio-oil production from
microalgae via fast pyrolysis was found to be approximately 60%,
despite the current lack of use of advanced technology. The production
rate was increased to 72%, with a biochar content of 36%. Bio-oil sep-
aration strategies could face numerous challenges including not using
advanced technologies which affect upgrading mechanisms and lead to
a lower bio-oil yield. However, using the appropriate advanced tech-
nology can help overcome such challenges. For instance, implementing
extraction and fractionation during upgrading can be used for the effi-
cient conversion of harmful algal bloom into a resource by utilizing the
eliminated algae to produce bio-oil by pyrolysis.

The key advantages of this process lie in its advanced use of tech-
nology and the mass availability of microalgae. Some other significant
issues were identified, such as the production of complicated structures
with low thermal stability and pH due to the presence of water and the
lack of reactive oxygenated compounds and inorganic compounds in
sufficient quantities. These challenges can be tackled using advanced
technology, especially regarding extraction and fractionation. As a
result, the upgrading process using the pyrolysis of microalgae will face
fewer complications. However, the price of producing bio-oil is going to
decrease as a result of technological advancements, economies of scale,
and government subsidies. The production of chemicals, biofuels, and
materials through bio-refineries can also contribute to lowering the cost
of bio-oil. This study thus recommends further research to overcome the
challenges and introduce highly developed and advanced technologies
for microalgae pyrolysis.
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