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Abstract: The persistent fight against global environmental threats and energy catastrophe is currently
a major concern for the economic development of bioenergy across the entire country. Hence,
traditional fuel-based reserves are overburdened to cope with the rapid energy crisis, necessitating
an urgent need for an innovative carbon-neutral green-energy resource. In order to address these
critical bottlenecks, microalgae with incredible metabolic versatility have paved the way for a pivotal
attention towards sustainable biofuel production. However, due to high operational costs and
low lipid productivity, the microalgae-based biofuel resource is still in its infancy. As a result, this
problem can be overcome by incorporating engineered microalgal strains which can pave the way
for significant lipid augmentation for biofuel production. Thus, our current review depicts an in-
depth understanding of a multi-omics approach to microalgae, the broad scope of self-sustaining
microalgae cultivation, lipid-extraction strategies, and conversion processes to improve economic
commercialization in the bioenergy framework. The present review also provides a detailed analysis
of the international and national status of bioenergy development by several federal agencies.

Keywords: bioenergy; microalgae; lipid; multi-omics; self-sustainability; renewable energy; algal
lipid extraction

1. Introduction

Global climate catastrophe, energy conflicts, and greenhouse gas emissions caused by
anthropogenic activities in the biogeochemical cycle are addressed as alarming vulnera-
bilities in the recent epoch [1-3]. The burning of petroleum-derived fuel (PDF) reserves
and the release of noxious air pollutants in large quantities have a negative impact on
humans and our environmental community [4-6]. Burning of petroleum-derived fuel
has contributed 35,300 million tonnes of CO; to the atmosphere as of 2018 although the
anticipated daily atmospheric CO, output is 29,000 megatons of CO, [3,7,8]. This negative
scenario is expected to accelerate to around 9 billion by 2050 [9,10]. Hence, in order to
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combat all these loopholes, most developing countries are putting forth their best efforts to
transition fossil-fuel reserves to sustainable and renewable energy production. As a result
of the emphasis on current and future green energy needs, biomass-based feedstocks have
received significant consideration. As a result, a variety of biomass resources, including
edible and inedible crops, wood residues, plants, agricultural husks, and microalgae, have
been used to advance the development of eco-friendly bioenergy.

1.1. Microalgae vs. Plants

Photosynthetic microalgae, which have high metabolic activity, are widely used to
remove contaminants from waste streams and remarkably assimilate lipid conglomer-
ates, which are promisingly applied for bioenergy, primarily biofuel generation [4,11].
Microalgae-derived biofuel production has been revealed to be of utmost importance
due to its small environmental impact, high biomass yield, non-arable land requirement,
simplicity of cultivation conditions, and enhanced lipid productivity. In contrast to the
surrounding environment, microalgae are capable of capturing inorganic carbon in the
cytoplasm, which is crucial for the mechanism of carbon concentration [12]. Earlier litera-
ture depicted that the accumulation of green microalgae biomass involves approximately
1.83 kg of CO; per kg [3,13]. Although their photosynthetic abilities are comparable to those
of land plants, microalgae significantly increase the capability of converting solar energy
into biomass when compared to plants [14]. In this quest, previous literature revealed that
the utmost performance of biomass production from solar energy was recorded as 4.6% for
C3 plants and 6.0% for C4 plants at a temperature of 30 °C, which decreased considerably
t0 2.9% and 4.2%, when evaluated in the field [14]. Hence, instead of plant crops, it has been
emphasised that the remarkable record production of microalgae cultivation at temperate
latitudes is denoted as >5 times. Thus, it is believed that microalgae have a high capacity to
transform atmospheric CO; into stored carbon and oxygen, thereby acting as a carbon sink
by utilising solar energy. On the other hand, in comparison to plant-based lipids such as
soybean (0.4-ton ha~! y~1), rapeseed (0.7-ton ha~! y~!), and jatropha (4.1-ton ha=! y~1),
microalgal biomass has a higher lipid yield (4.5-7.5-ton ha~!), boosting economic biofuel
assimilation [15].

There are several contributions of microalgae in determining their applications:

i.  Under photoautotrophic conditions, microalgae maintain a simple unicellular struc-
tural configuration that allows the entire biomass to be photosynthetically reactive
without the use of heterotrophic organelles. They are naturally occurring and exist
across a variety of habitats from fresh water to marine without regard for a seasonal
life cycle.

ii.  The efficient metabolic activity of microalgal cells is influenced by the availability
of several trophic modes, namely photoautotrophic, mixotrophic, and heterotrophic,
which are dependent on physicochemical balance and environmental adaptation.
Over intrinsic photoautotrophy, the organic carbon and light-interceded mixotrophic
cultivation conditions provide a supplementary benefit to the entire microalgal struc-
ture for increasing biomass and accumulation of essential by-products. As a result,
microalgae have a quicker doubling time and a flexible metabolism.

iii. Microalgae are not involved in the food vs. fuel debate because they can grow in both
non-fertile land and wastewater. Accordingly, the use of microalgae would evolve as
an environmentally sustainable option to plant-based crops.

iv.  Different microalgal strains can be designated for specific growth conditions, which
are suitable and easily adaptable to terrestrial climatic behaviour, which is portrayed
as more difficult with conventional crops.

1.2. Microalgae Biorefinery

The combination of numerous unit operations in the ever-expanding field of microal-
gae biorefinery accelerates resource recovery, process performance, and sustainability, with
the goal of producing numerous types of bioenergy and other valuable products (Figure 1).
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Therefore, it is a convincing fact that microalgae-derived biomass can be accredited as a use-
ful feedstock when combined with other bioprocessing parameters to generate secondary
products. As a result, several biorefinery schemes have been implemented in order to focus
on target products [15,16].
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Figure 1. Conceptualization of microalgae biorefinery.

Individual product valorisation from microalgal biomass, on the other hand, has made
the entire bioprocessing process more time-consuming, expensive, and less profitable [17].
In order to maximise the economic advantage and minimise waste release, the focus has
recently switched to cascading extraction of various products from the same microalgal
biomass. Even if the idea of cascading extraction for the production of several products
has been widely used, it is still in its infancy and needs a lot of research to be realised [18].
A critical technical bottleneck is associated with large-scale microalgae culture, which
occurs frequently in modular operations, resulting in cost reduction [19]. Aside from
that, to assess the feasibility of microalgae-derived biomass, energy and cost-inducive cell
harvesting have emerged as additional challenges, increasing processing costs by at least
20-30% [20]. To improve biomass recovery, a number of cell-harvesting methods have
been used [2]. Among them, a few microalgal strains are harvested using autoflocculation,
which is considered to be the most important and economical method [21]. However, the
self-flocculation technique is entirely dependent on species specificity and does not always
meet economic robustness. Microalgal responses to inorganic flocculants, on the other hand,
are most likely strain-dependent [22]. Furthermore, the addition of such synthetic inorganic
flocculants results in an additional operating cost. As a result, the use of biopolymers
and nanomaterials derived from microalgal strains may increase cell-harvesting efficiency
for bioenergy production. Henceforth, by analysing all the aforementioned bottlenecks
and their potential solutions, we herein provide the conceptual phenomenon of “use and
throw—liner” towards a “use, treat, and reuse-circular” bioeconomical approach, with the
goal of closing the energy—environmental nexus gap. The novel perspective of sequential
extraction technology from microalgae for multiproduct synthesis addresses the entire
waste valorisation prospect and supports the zero-waste discharge principle. As a result, we
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believe that this novel concept of recycled technology contributes to a low carbon footprint
and can reduce reliance on fossil-fuel-based resources in order to live a sustainable life.
As a result, the entire phenomenon is considered to be a possible way of creating an
innovative boulevard within the context of a circular bioeconomy and possible zero-waste
technology development.

2. Overview of Research Status of Bioenergy Generation

According to global estimates, bioenergy currently has a high potential for increasing
to approximately 10% of the world’s energy supply [23]. Forecasts show that the rate of
production of renewable energy sources will increase to 145 EJ by the year 2060, aiming
for advanced bioenergy to play a significant role than conventional sources. A critical
discussion has been elaborated about the current status (international and national) of
microalgae-derived bioenergy by taking into account all of these factors.

2.1. International Status

China has experienced incredible population growth over the last four decades, neces-
sitating an urgent focus on renewable energy to address the environmental crisis. According
to the National Bureau of Statistics of China (NBSC), total energy utilisation increased to
4300 metric tonnes in 2016, while imported energy increased to 774 metric tonnes [24].
Furthermore, according to IEA (International Energy Agency) estimates, China was one
of the top CO, emitting countries in 2010 [25]. In light of this, it has been determined that
the rate of CO, emissions increased by up to 4.2%. As a result, there is a strong need for
renewable energy production for economic stability, both from an ecological standpoint and
to decrease the cost of coal-based oil manufacturing. As a result, the Chinese government
implemented various environmental policies to promote the sustainability of bioenergy
and reduce carbon emissions. According to the current state of China’s biofuel scenario,
bioethanol plays an important role, and a few regions, such as Henan, Anhui, Shandong,
and Heilongjiang, have extensive infrastructure for bioethanol transportation [23,26]. Aside
from bioethanol, China has focused on biogas production by installing biogas digestors in
various locations. Though the rate of biodiesel generation in China is currently low, it is
expected to rise to more than 54% in the coming years. Contrarily, Russia is well-known for
having the world’s largest biomass reserves. When the availability of large biomass produc-
tion is considered, bioenergy demonstrates significant potential in the Russian economic
sector as well as the international energy market [27]. However, in the current scenario,
Russia’s bioenergy sector is losing ground in terms of commercialization. As a result, the
concern of technocrats is required for further development in the bioenergy sector. Despite
the accelerated growth of the wind and solar energy sectors in European countries in recent
years, the bioenergy sector has emerged as the pivotal and primary source of renewable
and biodegradable energy. According to the analysis, European nations increased approx-
imately 18% in total gross energy consumption, among others. Few countries, such as
Germany, Italy, and the United Kingdom, have achieved the highest levels of bioenergy
production, with 328,840, 78,355, and 94,303 TJ, respectively. Taking all factors into account,
it has been determined that the European Union is one of the world’s major biodiesel
producers, accounting for 31% of global biodiesel generation [28]. A report from the US
Energy Administration claims that the use of domestic energy sources would increase by
32% between 2006 and 2012 [29]. In 2012, renewable energy accounted for approximately
9% of total energy consumption. The Energy Act (1992) was primarily recognised in the
United States, focusing on the generation of alternative energy resources. In recent years,
the demand for biodiesel in the United States has increased significantly. According to the
EIA 2021 report, in 2020 due to rising demand, diesel imports grew by nearly 12% in United
States. Imports of biodiesel into the United States were predicted to rise by 43% and 49% in
2021 and 2022, respectively. Recently, Asian countries have shown promising utilization of
bioenergy sources such as bagasse and husk. Biofuel production in ASEAN countries has
changed dramatically in recent years. The Malaysia government implemented a biofuel
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policy in 2006 with the goal of reducing the consumption of fossil fuels. The government
organisation intended to increase the blending ratio from 7% to 10% by 2008. (B7:B10).
Malaysia produced 1250 million litres of biofuel with a 16% reduction in 2020. In mid-2021,
the government planned to increase B20 blending by 20% [30].

2.2. National Status

India is regarded as the world’s most energy-intensive country. One of the primary
resources for bioenergy development has been biomass. According to bioenergy-generation
analysis, Punjab produces the most bioenergy (16,860 M]), followed by Haryana (11,559 MJ),
Gujarat (6660 MJ), and Uttar Pradesh (3716 M]), among other states. Furthermore, India’s
northeast region has enormous potential in the bioenergy sector [31]. According to In-
dia’s bioenergy survey, New National Biogas and Organic Manure Programme, Thermal
Energy Application, and Biogas Power Plant are a few of the recent initiatives that the
Indian government has introduced to increase the production of bioenergy. The Indian
government has also contributed to a few joint ventures and investments that have bene-
fited the biofuels sector. The National Policy for Bioenergy Development has permitted
a maximum of 100% direct investment from foreign countries for the automatic upgrade
of biofuel generation, with the condition that all generated biofuels be used for inland
applications. A few state governments have also enthusiastically participated in order to
explore further implementation with other states and countries. However, the question of
infrastructure and land requirements for developing biofuel industries remains unclear.
Thus, the government is concerned about meeting the need for bioenergy development.

3. Photosynthetic Carbon Sequestration Efficiency in Microalgae
3.1. Microalgae Based Composition

Basic microalgae are a combination of sugars, lipids, and protein, which can all be con-
verted into a variety of products. Microalgae are chemically composed of primary metabo-
lites that can be transformed into high-value products [32]. The chemical composition of
microalgae, on the other hand, varies depending on species and strain. Certain microalgae
strains produce only lipids or carbohydrates. For example, oleaginous microalgae from
the genus Nanochloropsis and Trachydiscus are incapable of producing carbohydrates [33].
To maximise production for the conversion process, it is critical to select a strain with a
high lipid and carbohydrate level. Lipid composition is a significant consideration in the
production of microalgae-based biofuel [34]. Saturated and unsaturated fatty acids with
carbon-chain lengths ranging from 12 to 24 make up microalgae lipids. Microalgae also
contain significant amounts of proteins and carbohydrates. Starch is a form of storage
for carbohydrates in the plastids, and it also serves as the main building block of cell
walls (cellulose, pectin, and sulphated polysaccharides) [35]. Although microalgal carbohy-
drate composition varies by species, microalgae usually have certain polysaccharides like
pectin, agar, and alginate in their outer cell wall. In contrast, cellulose, hemicellulose, and
glycoprotein make up the majority of the inner cell wall [36].

3.2. Factors Influencing Microalgae Growth

Certain factors, such as nutritional content, light, mixing, and temperature, have a
significant impact on microalgae biomass by directly affecting the photosystem.

3.2.1. Nutrients

Nitrogen is a crucial nutrient for microalgae development as well as a key component
of basic metabolism [35]. For the synthesis of biomolecules such as proteins and DNA,
nitrogen is necessary [37]. The ability of microalgae to synthesis proteins, lipids, and
carbohydrates will be impacted in low nitrogen environments [38]. Chlorella minutissima
was cultivated in BMM medium with a 50% drop in nitrogen, and a light intensity of
33.75 mol m ~2s !, yielding a carbohydrate content of 60.3% [39]. Stress conditions associ-
ated with nitrogen scarcity are expected to have an impact on biomass and carbohydrate
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production [40]. Chlorella produced 3430 mg/L of biomass with an optimal nitrogen
concentration of 0.05%. Phosphorus has an impact on biomass production, specifically
the amount of lipids and carbohydrates [41,42]. For heterotrophic cultivation, the carbon
sources are fructose, glucose, and glycerol. Mixotrophic culture employs a combination
of inorganic and organic carbon sources [41]. Because of OH formation during the pho-
tosynthesis process, the pH of the medium frequently rises to 11, affecting the growth of
microalgae, so CO, must be continuously supplied into the system [43].

3.2.2. Culture Conditions
(a) Light and Temperature

It has been discovered that the amount of light has a substantial influence on the
generation of biomass from microalgae. The chemical composition and growth of cells
are directly influenced by their photosynthetic system [44]. In the case of the microalgae
Scenedesmus abundans, higher light intensities appear to increase photosystem efficiency [45].
Furthermore, several findings suggested that dark and light phases can be changed for
photosynthetic efficiency [46]. Variations in biomass output and growth rate have been em-
pirically demonstrated by studying the cell development of similar species under different
light and time conditions [47]. According to the literature, the intensity of light varies from
species to species, but in general, the ideal conditions for microalgae development are 16:8
(light and dark). Temperature control is critical in biological and microalgae growth [48,49].
Different microalgae species have different optimal growth temperatures. Any temperature
difference, whether higher or lower, can restrict or even stop microalgal activity and growth,
lowering biomass output [50]. pH and CO,, both of which are influenced by temperature,
are two important factors associated with biomass production. The ideal atmospheric
condition has been determined to be between 20 and30 °C [51], but carbohydrate and lipid
levels have been found to rise at 25 °C in Chlorella [52].

(b) Magnetic fields

Magnetic fields (MF) have long been studied in microalgal cultures. The intensity
and duration of MF vary depending on the microalga species [53,54]. MF application is
a toxin-free, cost-effective alternative for increasing biomass, depending on the timing
and technique of treatment. In one study, high carbohydrate production was observed for
Chlorella minutissima when it was cultivated for 12 days. To increase carbohydrate yield,
three factors were used, which were limiting nitrogen content, adding pentose, and MF
studies [55]. Generally speaking, the aforementioned combination of several factors leads
to synthesis of biomolecules by microalgae. Thus, to improve carbohydrate yield, the
strain and ideal cell-culture growing conditions should be prioritised, followed by technical
measures such as nutrient starvation, irradiation, and MF treatments.

(c) pH and salinity

Variations in the pH of the medium affect photosynthesis and the production of
microalgal biomass. Microalgae prefer optimal pH and salinity [56]. Using atmospheric
CO, to grow microalgae in alkaline conditions promotes biomass development [57]. It
has been discovered that the optimal pH range for microalgal growth is pH 6-9 [41].
However, when the pH was raised to 9.5, the amount of chlorophyll in microalgae was
found to decrease [58]. The microalga Chlorella can adapt to a wide pH range of 4-10, and
biomass was obtained at pH 9-10 [59]. In addition, fungal contamination can be avoided
by cultivating in alkaline conditions [60].

3.2.3. Operational Mode

Biomass production is significantly impacted by the culturing medium’s nutrient load
and operating mode. Batch, semicontinuous, continuous, and two-stage operations are
the most typical modes of operation [61]. These processes have the potential to influence
and promote cell development [62]. Rosa, et al. [63] and Qu, et al. [64] elevated carbo-
hydrate production using a semi-continuous system for Spirulina and Chlamydomonas sp.



Energies 2023, 16, 531

7 of 27

Scenedesmus obliquus was cultivated in batch, semi continuous, followed by a continu-
ous system, in the presence of atmospheric CO, and nitrogen -limiting conditions. The
semi-continuous mode increased the CO, fixation rate and carbohydrate productivity
by 1989 mg/1/d and 468 mg/1/d, respectively. Several cultivation methods can be used,
followed by various culture processes that are classified as autotrophic, heterotrophic, or
mixotrophic [65]. The modes are used to increase biomass concentration in order to increase
yield of biofuel-relevant components, primarily microalgal sugars. Autotrophic cultivation
is based on sunlight and inorganic carbon, which stimulates the photosynthetic system and
thus increases biomass. Because organic carbon is limited in the autotrophic medium, mi-
croorganism contamination is reduced. In the absence of sunlight, the heterotrophic culture
relies solely on organic substances for carbon supply. In general, heterotrophic cultivation
is less expensive and easier to scale-up. Mixotrophic culture is a promising method for
increasing biomass yield and metabolites [66—68]. The most promising method for boost-
ing biomass production among the other cultivation methods mentioned is mixotrophic
cultivation. Recently, attention has switched away from two-stage operations or bi-phasic
microalgal cultivation towards a multi-phasic mode that triggers microalgal lipid produc-
tivity without reducing microalgal biomass [1,11]. During the multi-stage operation, the
ratio of nutrients along with light radiation were implemented as the major significant
considerations for increasing biomass, lipids, and other valuable metabolites. As a result,
we anticipate that the multi-phasic culture condition of microalgae by incorporating differ-
ent cultivation methods such as fed-batch or semi-continuous would benefit multi-stage
operations towards the massive production of biomass and lipids.

3.2.4. Reactor Types

Microalgae can be grown in a variety of reactors to increase productivity and thus
macromolecule concentration, with the goal of increasing production scale. Cultivation
systems are classified into two types: open (raceway ponds) and closed (tubular photobiore-
actors). Open culture systems are designed to provide continuous mixing via paddlewheels,
preventing cell settling. When compared to photobioreactors, they perform well in natural
settings, are widely used for mass production, and are less expensive to manufacture
and maintain. These cultivation systems are commonly used for the production of liquid
fuels such as biohydrogen and bioethanol, but they are not suitable for pharmaceutic
applications due to the increased risk of contaminants and water loss due to evaporation.
Despite this, raceways are frequently used for large-scale microalgae growth due to their
low cost. The two most popular kinds of photobioreactors are stirred tanks and vertical or
horizontal tubular reactors. They work with both natural and artificial lighting. Vertical and
horizontal tubular photobioreactors are more frequently studied for microalgal biomass
because of their large surface areas. Horizontal photobioreactors are widely used for mass
procedures due to their variety of layouts and combinations [65]. However, their scalability,
pH, temperature control, and mixing can increase operational costs. Gongalves, et al. [69]
used a photobioreactor to grow the microalgae Pseudoneochloris marina for carbohydrate
production and investigation for biofuel synthesis in their study [69]. Furthermore, there
are several cultivation stages, such as single-stage and two-stage strategies, which increase
biomass and lipid production. Due to the high stress levels associated with this cultivation
system, a comparison of the characteristics of other single-stage techniques reveals that the
high lipid output can be easily achieved using a semi-continuous strategy [70]. To produce
the most biomass, the first step of the two-step cultivation system employs a nutrient-rich
growth medium. Once an adequate concentration of algal biomass has been created, the
medium condition transforms into a stress-induction condition in the second stage.

4. Microalgae Lipids—Production and Relevance

Microalgae is a potential source of feedstock for the creation of carbon-neutral bio-
fuels [70]. Over the years, green microalgae-derived biofuels have received considerable
attention as an alternative green energy source to traditional fuel reserves around the
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world [71]. Among these, lipid is a well-studied form of primary metabolite in microalgae,
nourishing a specific membrane characterization and cell signalling pathway [72]. Tech-
nocrats have used a variety of approaches to augment the necessary lipid biosynthesis in
order to accelerate the accumulation of microalgae-associated biofuels.

4.1. Technologies in Lipid Extraction

In view of this, the technologies used in the lipid-extraction strategy are regarded as a
critical step that must be optimised in order to recover all of the neutral lipids for biofuel
generation [70,73]. A comprehensive examination of various lipid-extraction technologies
is presented in Table 1. Aside from a variety of lipid-extraction techniques, organic solvents-
mediated extraction is considered as one of the most convenient methods when applied
to the microalgal cell system [74-76]. As a result, it is known that lipid biomolecules are
transported from wet or dried cell mass in the presence of organic solvents [70]. Traditional
lipid-extraction technology generally emphasises the integration of organic solvents and
neutral lipids present within each microalgae cell [77,78]. The lipid bodies are desorbed
from the cellular matrix and further dissolved in the applied solvent when such an associa-
tion becomes a dominant component. Thus, we believe that the various types of organic
solvents are highly influential due to their potential specificity for neutral lipid release [70].
Furthermore, the use of highly volatile organic solvents facilitates product formation with
less energy distillation followed by extraction technique [79,80]. To investigate the lipid-
extraction efficiency from a microalgae cell, a wide range of polar (methanol, ethanol,
acetone, etc.) and non-polar organic solvents (chloroform, hexane, toluene, diethyl ether,
etc.) have been studied [81]. However, the hydrogen and electrostatic interactions of neutral
lipid bodies with other biomolecules found in the cell membrane, such as proteins and
polar lipids, would not be sufficiently disrupted by the non-polar class of organic solvents.
In the future, less polar organic solvents will be mixed with non-polar solvents to form a
strong association with membrane-based neutral lipids, facilitating lipid removal efficacy.
In most cases, the incorporation of polar organic solvents stimulates the co-extraction of
undesirable polar lipids.

4.1.1. Traditional Methods: Folch and Bligh-Dyer
(a) Folch Method

Several organic solvents or combinations of them have typically been preferred to
specifically extract total lipids by disrupting the microalgal cell membrane [2,11,70]. The
Folch method extracts lipids from prospective endogenous cells using a mixture of chloro-
form and methanol in a 2:1 ratio. One of the major advantages is the ease of processing
and rapid extraction of many samples. Various organic solvent-based lipid-extraction
technologies are depicted in Table 1.
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Table 1. Comparison of solvent-mediated lipid-extraction technologies, costs, and energy efficacy.

Lipid Extraction Efficiency

Solvent Example Efficacy Rating Cost Involved Energy Needs References
High cost due to the Energy intensive, if
utilization of organic involving the
Oreanic Methanol, solvents. Recyclingand  cell-wall disruption =~ Ranjith Kumar,
sol%l ents chloroform, Moderate reusing the organic method, for Hanumantha Rao
hexane, ether solvents after example microwave  and Arumugam [73]
absorption cansaveon  and ultrasound
costs and reduce waste.  pre-treatment
?r:egr Cczsgri?;:o tion Lorenzen, et al. [82],
Supercritical mai ft}énance feg S ! Energy intensive McKennedy, et al. [83],
P Supercritical CO; High . / due to the use of Obeid, et al. [84],
fluid infrastructure .
) high pressure Patel, et al. [85],
requirements, and .
. Patil, et al. [86]
D ds on operation costs
gpenl . Energy intensive if Yadav, Krishnan,
Accelerated $1i:roa gafe strain, involving the Gupta, Prasad,
solvent Methanol, olume o High relative capital cell-wall disruption ~ Amin, Cabral-Pinto,
extraction chloroform, Extrac'tor . High cost as compared to method, for Sharma, Marzouki,
(ASE) hexane, ether L.ea%tlon time, Soxhlet extraction example microwave  Jeon, Kumar, Singh,
1p1 tyPes and ultrasound Kumar, Rezania and
prgsentl m 1 pre-treatment Islam [5]
gulc roa gael cell, Low cost for organic
olvent ratios components. The unit
cost of DESs is
primarily determined Energy intensive if .
Choline by the DES structure, the pre-treatment Cied, etal. [87],
. X . . . . Lu, et al. [88],
Deep eutectic  chloride-oxalic which determines steps are involved,
. . . . . Pan, et al. [89],
solvents acid, Choline- High absorption capacity for example
. R 2 . Sed, et al. [90],
(DES) chloride-acetic and regeneration microwave and .
. . Tommasi, et al. [91],
acid cycles. Recycling and ultrasound Stupek, et al. [92]
reusing DES after treatment pes ’

absorption reduces
annual operating costs
and waste

(b) Bligh and Dyer

Bligh and Dyer is the most effectively used protocol for microalgal lipid-extraction
technology [93], where protein molecules settle at the interfacial state of bi-phasic liquid—
liquid separation. This method is fairly comparable to the Folch method. The main
distinctions are the solvent-solvent and solvent-tissue ratios. The methanol-to-chloroform
ratio for this method is 2:1. However, due to the toxic nature of conventional solvents
(methanol and chloroform), other organic solvent combinations such as hexane—ether and
hexane-isopropanol, have been proposed [94]. According to Lee, Ong, Gan, Chen, and
Mabhlia [32], the combination of hexane and isopropanol has been proven to be efficient in
removing neutral lipids from Chlorella sp. However, the presence of glycolipids reduces the
algal cell’s ability to recover lipids.

4.1.2. Accelerated Solvent Extraction Procedure (ASE)

By utilising organic solvents, lipid extraction’s effectiveness can be increased.
Richter, et al. [95] developed a novel technique known as ASE, in which the use of organic
solvents was performed at elevated temperatures (50-200 °C) and pressure (500-3000 psi).
The primary advantages of this extraction procedure are as follows:

e  Organic solvents become much less viscous at high temperatures, increasing solvent
diffusion [96];
As the temperature rises from 20 to 150 °C, the diffusion rate increases [95];
The high pressure of the entire ASE-related lipid-extraction system emphasises the
organic solvents” deep penetration into the cell membrane, causing cell disruption;

e A smaller volume of organic solvent and a shorter extraction time are both highly
advantageous for the ASE technique.
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By analysing all of the aforementioned benefits of ASE over the traditional one,
Mulbry, et al. [97] reported that, in comparison to the Folch method, the ASE method
was able to yield 85-95% of lipids from green algae Rhizoclonium sp.

4.1.3. Supercritical Fluids

Toxic, volatile, and exhaustible organic solvents are undesirable for large-scale lipid
extraction for environmental and security reasons. As a result, instead of toxin-mediated
organic based solvents, supercritical fluids are used as one of the most efficient green
solvents. CO; is the most commonly used green solvent in this quest, with a modest critical
pressure of 72 bar and a lower critical temperature of 320 °C [85]. SC-CO; has contributed
a number of advantages for suitable lipid extraction, such as:

e Easy and fast penetration into solid matrices to release the lipid biomolecules;
e  Extracted or released lipids will be recovered rapidly by the evaporation of SC-CO, at
the gaseous stage via depressurization, yielding a solvent-free lipid.

However, the non-polar properties of SC-CO, show a lower dissolution capacity. To
produce polar and membrane-bound neutral lipids such as phospholipids and glycolipids,
all polar organic solvents are added to the mixture. In view of this, McKennedy, Onenc,
Pala, and Maguire [83] showed that when methanol was used as the solvent for the SC-
CO,-based extraction, there was a greater increase in long chain fatty acids than when
hexane was used as a co-solvent [83]. Moreover, on the other hand, Choi, et al. [98] reported
that the SC-CO,-extraction process improved the neutral lipids as well as a very small
fraction of glycolipids from Scenedesmus obliquus, but not phospholipids [98]. However,
when compared to Bligh and Dyer, lipid productivity was relatively low.

4.1.4. Soxhlet Extraction of Lipids

Soxhlet-based lipid extraction yields more lipids; however, a few researchers have
demonstrated conflicting reports [99]. According to the literature, the Soxhlet extraction
technique is typically ineffective for biomass with a high moisture content [100]. During this
process, lipid diffusion takes place through the microalgal cell wall [101,102]. Proper identi-
fication and selection of the organic solvent is thought to play a significant role in carrying
out this process. Hence, several polar-based organic solvents such as ethanol, chloroform,
hexane, and others produced the greatest amount of lipid biomolecules, whereas acetone
produced the least amount. Among all binary solvents, the combinations of chloroform—
hexane, ethanol-hexane, and chloroform—ethanol have been demonstrated as 1:1, 1:2, 1:3,
and 3:1 ratios, with the chloroform-ethanol (1:1, v/v) yielding the highest amount of lipid.
Soxhlet extraction yields the highest lipid yield; however, continuous heating generated
during the boiling process could potentially result in lipid oxidation and degradation of
heat-accountable amalgams [103,104].

4.2. Lipid Processing and Conversion to Fuel

There are several lipid-processing and conversion technologies available for fuel
conversion. Figure 2 illustrates the various methods of producing lipids from microalgae
using various conversion processes to bioenergy.

4.2.1. Thermochemical Conversion

Heat and chemicals are typically used in the thermochemical conversion process to
generate energy. Microalgae biomass has been transferred into biochar as well as bio-oil
with other accessories based on the chemical constituents and moisture content present in
the microalgal cells [5]. An overview of this process and the operational conditions of all
the thermochemical conversion are illustrated in Table 2.
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Figure 2. Generation of biofuels from microalgae by employing several conversion techniques.

Table 2. Operational modes of different thermochemical conversion techniques [15].

Operational Conditions

Technology Temperature Heating Rate . . Other

(@) (°Cs~1) Time Duration Parameters

Combustion 700-800 - - Air flow

Gasification 700-1000 - - Controlled O,

Pyrolysis 300-700 0.1-1 5-20 min

-Slow pyrolysis  500-800 10-200 0.1-03s -

-Fast pyrolysis

-Flash pyrolysis 850-1000 >103 0.5-2s

Liquefaction 200400 - - 5-20 MPa

(a) Combustion process

The combustion process is regarded as one of the most important lipid-conversion
technologies, in which microalgal biomass is ignited at elevated temperatures ranging from
800 to 10,000 °C in the presence of atmospheric O;. Using this combustion process, steam
generated from dried cell mass with lower moisture content can generate bioelectricity,
allowing steam turbines to run [105]. Combustion plant locations range from domestic
to industrial (100-3000 MW). However, bioproducts, which emit NOyx, CO,, CO, ash,
dust, and other pollutants, are the major bottleneck of the entire combustion process.
As a result of its maximum energy conversion efficiency, the co-combustion process is a
highly influential and striking option, particularly in coal-based power plants [5]. Several
European countries, including Spain, the Netherlands, and Germany, favour combustion
as the sole and fastest method of biomass conversion [106]. When extremely packed and
dense pellets are used as fuels, the main benefits are increased electric efficiency, lower
speculation costs, and direct emission avoidance. Aside from that, combustion can help
reduce CO, emissions.

(b) Pyrolysis

One of the most widely used thermochemical conversion techniques is pyrolysis.
During this process, biomass is converted into solid (charcoal), liquid (bio-oil), and gas
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(fuel) phases using a vacuum and a 5000 °C heat treatment. The hydrocarbon chain lengths
found in microalgal biomass are broken down into smaller ones using a variety of strategies.
Hemicellulose molecules, which have oxygen side chains, allow for a slight breakdown
of long hydrocarbon chains in order to assimilate acetic acids and other organic acids,
which is considered the initial and first step. The second step deals with cellulose, which
requires a little more heat to degrade into levoglucosan and other accessories. Lignin
molecules, on the other hand, are split to form monomers and oligomers of polyphenols.
By maintaining the temperature, rate of heating, and other parameters, all by-products
are transported between the solid and liquid phases. In India, pyrolysis is recognised as a
simple application for bioelectricity generation.

(¢) Gasification

In an endothermic process called gasification, biomass is transformed into highly
exhaustible gases at temperatures ranging from 800 to 10,000 °C [5]. During this process,
the biomass reacts with gaseous phases, for example steam, oxygen-rich atmospheric air,
or a combination of the two. Typically, the behaviour and quantity of the gaseous phase
instigate the qualitative phenomenon and energy features of gas; thus, such generated gas
is referred to as syngas to generate methanol. As a result, we believe that the biomass-
amalgamated gasification process should be considered as a potential application for
converting the gaseous phase into electricity via gas turbines.

4.2.2. Biochemical Conversion

Biochemical conversion is the most well-established approach for transforming biomass
into oil by utilising various microalgal strains and catalysts. The major conversion routes
during this process are depicted here.

(a) Transesterification

Transesterification is a biochemical process that converts TAG derived from microalgae
to FAME, which is required for biodiesel production. In this process, various types of
homogeneous, heterogeneous, and enzymatic catalysts are used. FAME has long been
thought of as a primary ingredient in the production of biodiesel. A few European nations
use biodiesel as a transportation fuel. Aside from that, numerous private and public sector
organisations in India are actively engaged in biodiesel production. FAME can also be
utilised as an alternative green fuel when mixed with diesel.

(b) Anaerobic digestion (AD)

During the AD process, organic constituents are converted into biogas, which produces
CHy, COy, and a small quantity of H,S. This is a slightly complicated procedure with a
total transformation efficiency of 21%. Following the release of CO,, the biogas is efficiently
converted into high-impact natural gas and methanol. To improve the waste heat generated
by turbines, a combination of heat and power machineries has been implemented. The
sludge residue is used in organic farming, making AD a potentially useful and promising
technique with numerous applications. The main aspects for improving AD effectiveness
are the types of biomass, operational conditions, and reactor design.

5. Biochemical Conversion for Bioenergy Production
5.1. Biodiesel

One of the most important biofuels produced is biodiesel, which has a high demand
due to its biodegradable and non-toxic properties, allowing it to be used in regular trans-
portation without modification. It can be utilised without modification in both diesel and
gasoline engines [107]. Using a catalyst, the chemical process of transesterification causes
an interaction between oil and alcohol to create biodiesel [108]. Prior to transesterification,
the usual process involves isolating and purifying the microalgal biomass. Cell harvesting
and lipid extraction are examples of refining phases [109]. Because oil extraction and
cellular disruption techniques for some microalgae require higher energy output, these



Energies 2023, 16, 531

13 of 27

refinement stages severely limit the commercialization of biodiesel. Second, wet biomass
affects oil extraction due to the available water, necessitating time-consuming drying. The
catalyst type used in the traditional transesterification process has an impact on the various
transesterification pathways [110]. Several studies have been conducted to determine the
optimal operational conditions for biodiesel production using microalgae via an enzymatic
and homogeneous alkaline catalyst or a heterogeneous catalyst [111,112].

5.2. Bioethanol

The biomass from microalgae can also be utilized to synthesis bioethanol via fer-
mentation [113]. The cellulose/starch-rich algal residues left over after extraction of lipid
can be used to make bioethanol. A crucial element in the generation of bioethanol is the
amount of carbohydrates in the biomass [114,115]. The microalgae cultivation parame-
ters can influence bioethanol production. In fact, changing the culture conditions allows
for the determination of the biochemical composition. The primary environmental vari-
ables that influence biochemical composition are illumination, pH, and temperature. In
general, efforts to limit nutrition sources can be used to develop microalgae in order to
increase carbohydrate concentration [116]. When nitrogen and phosphorus are limited
during microalgae cultivation, the biomass contains more carbohydrates. Before extracting
carbohydrates from microalgae, a pre-treatment step is needed. According to Velazquez-
Lucio, et al. [117], the starch or cellulose extracted from cells can be fermented to produce
bioethanol using water or organic solvents. Because of their ability to convert carbohydrates
into alcohol, yeasts are the most used microorganisms for fermentation. The advantages of
using microalgae biomass for bioethanol synthesis are that algae biomass does not contain
components such as hemicellulose and lignin, making extraction easier. The main barriers
to industrial application are a lack of understanding about genetically altered cyanobacteria
and research into fermentation technologies [118].

5.3. Biohydrogen

Microalgae and cyanobacteria have the necessary characteristics for producing bioH,
gas. Given that the only by-product of hydrogen combustion is water, this energy source is
both renewable and clean. With a converting power that is 2.75 times that of combustible
hydrocarbons, H= is regarded as a future fuel [119,120]. Although the earth does not
naturally have access to this resource, it has recently been used to generate power via
internal combustion engines or fuel cells. Compared to conventional thermochemical
and electrochemical processes like gasification and water electrolysis, biological hydrogen
production (bioHj) is more energy-efficient and less damaging to the environment [121].
Traditional techniques require high temperatures and are energy-intensive (970-1100 K).
Furthermore, because they produce significant CO, emissions, they are not recognised as
environmentally friendly processes on a commercial level. The first four types of procedures
for producing bioH, from microalgae are direct bio-photolysis, indirect bio-photolysis,
photo-fermentation, and dark fermentation. Protons (H*) and oxygen (O,) from water are
separated by microalgae in the presence of light in direct bio-photolysis. H* is converted
into H, by hydrogenase, an enzyme that generates Hj [122,123]. The production of H is
low in this process due to the simultaneous production of H, and O, and the subsequent
mixing of the two gases, which produces water as a by-product. Furthermore, the sensitivity
of hydrogenase to oxygen slows H, generation rates [124]. This inhibiting effect can be
overcome by using indirect bio-photolysis. Indirect bio-photolysis has two stages. Cells
produce oxygen and engage in photosynthesis in phase 1 to accumulate organic molecules,
primarily glucose. This stage is also known as the aerobic phase. In phase 2, cells break
down organic molecules that have been stored anaerobically. In addition, nutritional stress
is applied to the microalgae to increase sugar synthesis. Later, they are used as a substrate
for dark fermentation by an Enterobacter aerogenes strain. Following nutritional stress,
the sugar contents of the three microalgae are 42.6, 21.9, and 28.6%, respectively, while
producing 57, 41, and 47 mL H, /g of Hy. According to the literature, the amount of sugar
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in microalgae has a direct impact on Hy production. However, the commercialization of
large-scale H; production has only been considered in a few studies. The energy sector
discourages commercial production of H; gas because it is expensive in comparison to
other fuels. Metabolic engineering is being applied to conduct techno-economic analyses
and optimise processes to attract investments and make it more affordable.

5.4. Bio Oil

Crude bio-oil, a dark, viscous, and potent fuel, is one popular use for algae energy.
Bio-oil from microalgae can be produced using pyrolysis and hydrothermal liquefaction
processes. According to reports, many microalgae produced bio-oil yields that were 5 to 25%
higher than their lipid content [125]. Because it requires less energy than drying, digesting
microalgal biomass through aquaculture is appealing. The three primary subcategories of
pyrolysis are slow, intermediate, and fast pyrolysis. Chemically, bio-oils are made up of
acids, cresols, and aldehydes. Bio-oils produced by pyrolyzing lignocellulose biomass are
complex and viscous, but high in oxygen [126]. Hydrogenation and cracking of bio-oils
are thus required to improve them. The liquefaction process is sped up using catalysts.
The primary end products are bio-oils; however, during the conversion process, gaseous,
aqueous, and solid bi-products are also created [110]. Before analysis, a liquefaction
procedure in an autoclave is completed and cooled at room temperature.

5.5. Bio Jet Fuel

Researchers are attempting to turn biodiesel into bio-jet fuel in order to raise the quality
of the by-product [127]. Many studies on the production of biodiesel from microalgae
have been published [68,128]. A catalyst (meso-Y) proved effective in converting heavy
microalgae biodiesel to bio-jet fuel with aromatic hydrocarbon selectivity (4.47%) in a
study. Numerous studies have reported on the conversion of microalgal biomass to biofuel,
but studies on bio-jet fuels remain unexplored. The properties of bio-jet fuel must meet
American standards. Table 3 illustrates various types of biomass used for bio-jet fuel,
including soybean. Advanced and additive-based processes will be required to create
a bio-jet fuel that meets ASTM criteria. Table 4 depicted various microalgae capable of
producing various types of biofuel and eventually replacing fossil fuels in the future.

Table 3. Properties of microalgal bio-jet fuel compared to conventional bio-jet fuel.

Viscosity at Heating
Source Density —20°C Flash Value Sulphur References
at 15 °C (kg/m®) Maximum Point (C) Total (wt%)
8 mm? 51 (MJ/Kg)
Microalgae 1380 2.8 68 44.0 0.27 Bwapwa, et al. [129]
Jatropha 751-850 3.66 46.5 443 - Li, et al. [130]
Tung 839 - 39 423 - McAfee [131]
Soyabean >775 - >38 434 - &aﬁszggl Rine, Miller and
Tallow 758 5.3 55 44.1 <0.001 Corporan, et al. [132]
Castor 758 5.3 55 - 0 Liu, et al. [133]
Corporan, Edwards, Shafer,
Camelina 751 33 43 44.1 <0.001 ‘lifee‘;\thtsttrlfelﬁfﬁhgr‘aﬁia;ﬁk
Klein [132]
Alcohol (C; and Cs) 757.1 4.795 47.5 - - Scheuermann, et al. [134]
Used cooking oil 760 3.8 42 44 <0.00003 Buffi, et al. [135]
Jet-A (ASTM D1655) 775-840 8 38 42.8 0.30 Gutiérrez-Antonio, et al. [136]
Gutiérrez-Antonio,
Jet-A1 (ASTM D 1655)  775-840 8 38 42.8 0.30 Gomez-Castro, de Lira-Flores

and Hernandez [136]
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Table 4. Microalgae-based bioenergy production.
Microalga Product Yield (%) References
Chlorella sp. Bio-jet 76 Goémez-De la Cruz, et al. [137]
Desmodesmus sp. Bio-oil 49.40 Garcia Alba, et al. [138]
Chlorella PTCC 6010 Bio H, 41.46 Samiee-Zafarghandi, et al. [139]
Schizochytrium sp. ABC 101 Bio jet 20.4 Kim, et al. [140]
Chlamydomonas reinhardtii Bio H, 56 Fakhimi and Tavakoli [122]
Arthrospira platensis, Chlorella marina, Ulva linza ~ Bio ethanol 45.49 Ismail, et al. [141]
Anabaena sp. Bio H, 57.6 Vargas, Santos, Zaiat and Calijuri [123]
Nannochloropsis oculate and Tetraselmis suecica Bio ethanol 7.26 Reyimu and Ozgimen [142]
Aurantiochytrium sp. Biodiesel 89.5 Kim, et al. [143]
Chlorella sorokiniana Bio oil 62 Shirazi, et al. [144]
Botryococcus braunii Biodiesel 95 Hidalgo, et al. [145]
Nannochloropsis gaditana Biodiesel 96.4 Im, et al. [146]
Chlorella vulgaris Biodiesel 100 Levine, et al. [147]

6. Energy Kinetics—TGA

Thermogravimetric analysis (TGA) is frequently used to observe the thermodynamic
behaviour of a substance in a controlled environment [148]. TGA has been used extensively
to demonstrate the essential features of microalgae-derived bioenergy production. The rate
of chemical reaction is known to be influenced by reactor configuration and thermochemical
operation [149]. Chemical kinetics are critical in the production of microalgae bioenergy.
Determination of the thermal characteristics of microalgae is critical for recognising thermal
degradation or stability and the mass’s efficacy in product formation. The Arrhenius law
has been used to define energy kinetics or thermochemical properties:

CZ(_k(T).f(oc)—Aexp< R?).f(tx). (1)

Here, « is determined as conversion degree, t expresses the time of conversion, A is
denoted as the pre-exponential factor, E, describes as the activation energy, R demonstrates
the universal gas constant, and T determines the absolute temperature of the entire reaction.
The degree of conversion o is usually indicated as the mass fractionation of degraded solid
residues and expressed as the following equation:

= M—m _ v @)
mo —m f 0 f

Here, mp and my are described as the initial and final masses of solid substrates and m
is expressed as the mass of the solid at a given time; vy is described as the entire mass of all
free volatiles and v determines the mass of free volatile substrates.

If we convert Equation (1) in non-isothermal form, then the reaction describes the rate
of conversion as a function of temperature by maintaining the heating constant value 3. In
view of that, we are developing the chemical equation:

de _dt da 1 do “
dt  dT dt B dt’
By doing the substitution of Equation (1) into Equation (3), the non-isothermal rate
has been determined as

%:@.f(a): Aexp(;{?).f(a). 4
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Different types of kinetic modelling have been successfully applied to microalgal
feedstocks by observing all of the above-mentioned chemical equations. The study of TGA
analysis is presented in Table 5.

Table 5. TGA-analysis condition for energy kinetics study of different microalgal strains.

TGA Operating Conditions

Microalgal Feedstock Initial Cell Temperature Heating Rate Inert Gas Flow References
Mass (mg) ) (°Cmin 1) Rate (mL/min)

Dunaliella tertiolecta 10 900 5-40 50 Shuping, et al. [150]
Chliorella sp. 100-1000 800 15 8000 Rizzo, et al. [151]
Chlorella vulgaris 10-50 800 5-40 100 éﬁ;ﬂ‘;ﬂoﬁ‘; (152]
Chlorococcum humicola - 700 15-70 - Peng, et al. [153]
Consortia growth 20 800 5-40 30 Kim, et al. [154]
Chlorella protothecoides - 800 15-80 60 Peng, Wu, and Tu [153]
Nannochloropsis gaditana ~ 4-24 1200 40 50-150 Sanchez-Silva, et al. [155]
Isochrysis sp. 5 900 5-25 100 Zhao, et al. [156]

7. Algomics Approach for Microalgae-Based Bioenergy Synthesis

Significant biotechnological interventions can now improve green microalgae-allied
biomass and lipid assimilation. These changes in microalgae are influenced by advanced
technologies based on nuclear, chloroplast, and mitochondrial genomes. In this review,
we discuss multi-omics technologies for estimating microalgal lipid accumulation toward
bioenergy yield (Figure 3).
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Figure 3. Overview of multi-omics approach in microalgae.

7.1. Genomics

Genomics is concerned with the evolutionary development of various microalgae
strains and their ability to adapt to environmental stress conditions [157]. It is well known
that increasing lipid productivity in microalgae is entirely dependent on the expression
and silencing of lipid-producing genes or genomes. Previous research demonstrated that
the Chlorophyceae microalgae Chlamydomonas reinhardtii and green microalgae Nanno-
choloropsis sp. were modified or altered for maximum lipid yield by examining genome
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editing tools such as CRISPR/Cas 9 [158-160]. In order to investigate the lipid biosynthetic
metabolism toward bioenergy production, the Kennedy pathway is recognised as one
of the primary routes for TAG accumulation within the microalgal cell, which employs
the sequential transmission of acyl groups from the acyl-CoA with the assistance of acyl-
transferases [161]. Furthermore, DGAT (diacylglycerol acyl transferase) overexpression
influences the enhancement of neutral lipid globules. This has been confirmed in the
microalgae Chlamydomonas reinhardtii and Phaeodactylum tricornutum, which showed an
increase of at least 20—-44% neutral lipids [162,163]. As a result, we anticipate that the
enhanced oil bodies may trigger the neutral lipid content due to DGAT 2 overexpression,
which could be used directly for biofuel estimation. Furthermore, a study of its FAME
components revealed a significant increase in PUFA, primarily the EPA (76.2%). The cova-
lent relationship of DAG in the presence of DGAT enzyme is the most important step in
TAG assimilation. In light of this, DGAT 1 and DGAT 2 have been isolated; however, the
gene sequences do not share a similarity index. The genes expressed in the DGAT 1 family
have a homology to ACAT and the genes in the DGAT2 family have a similar sequence
to monoester synthase [163,164]. Henceforth, it is convincible that the overexpression
of the aforementioned genes can play a significant role in the accumulation of TAG in
green microalgae.

7.2. Proteomics

Proteomics is a computational biology approach that focuses on the large-scale char-
acterization of the entire protein complex in a tissue or organism. Essentially, the concept
phenomenon of proteomics demonstrates protein expression by using appropriate condi-
tions at a specific time period [165]. In view of this, the selection of a target protein molecule
may be able to aid in understanding the characteristics of an organism in order to improve it.
As a result, we believe that proteomics study using model microalgae strains, for instance
Synechocystis sp. PCC 6803 and Chlamydomons reinhardtii, is particularly useful for evalu-
ating the protein profile under regular or environmentally stressed conditions [166,167].
Previously, the Chlorophyceae unicellular green microalgae Chlamydomons reinhardtii was
linked to the presence of closely aggregated protein molecules, which could aid in the
synthesis of oil bodies [168]. It is known to all that the specific enzyme, diacylglyceryl-N, N,
N-trimethylhomoserine synthase, is already present in many microalgal strains and is thus
responsible for the accumulation of DGTS (diacylglyceryltrimethylhomo-Ser, extraplas-
tidial membrane lipid). The enzymes that assimilate DGTS are usually associated with the
formation of membranous lipid bodies. Aside from that, scientists and researchers have
discovered the existence of additional lipid-associated proteins such as lipid-trafficking
proteins, acyltransferases, lipases, and other protein molecules involved in sterol-based
metabolic activity. Cao, et al. [169] reported that the use and expression of a specific
microalgae-based protein Chlre4 400527 (GPAT9) ortho-log, associating with glycerol-
3-phosphate acyltransferase (MmGPAT3) enzyme, stimulated lipid production, thereby
initiating the oil-synthesis metabolic route [169]. On the other hand, Trentacoste, et al. [170]
demonstrated the selection, description, and knock-down of specific lipase-based enzy-
matic reactivity in Thalassiosira pseudonana genome version 3 (protein ID 264297, Thaps3
264297). They addressed a hypothesis to target the knock-down of lipase-catalysing en-
zymes, which could potentially increase the generation of free fatty acids (FFA) from lipid
bodies, in the direction of the lipid catabolism approach [170]. Moreover, they emphasised
that involving the knock-down responses of lipid catabolism will not impede microalgal
biomass production. Furthermore, carbohydrate synthesis would be unaffected, and thus
the functionality of microalgal growth, which is linked to a metabolic pathway, would
not be affected. Apart from that, the research team of Trentacoste, Shrestha, Smith, Glé,
Hartmann, Hildebrand and Gerwick [170] discovered that mutated microalgal strains were
able to improve lipid assimilation under nutrient replete and deplete conditions, in contrast
with wild-type strains. It is a well-known fact that nitrogen-enriched or limited conditions
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stimulate lipid accumulation in microalgae cells, and this entire phenomenon has been
extensively demonstrated for the change of microalgae proteome.

7.3. Transcriptomics

Transcriptomics, a high throughput technology, reveals structural and functional char-
acterization of an entire transcript under specific conditions. Transcriptomics is concerned
with the appearance and abundance of RNA transcripts [171]. The transcriptomic approach
is used in microalgae to identify or explain the mechanistic behaviour of specific metabolic
pathways in microalgae cells. According to Peng, Wu and Tu [153], transcriptome estima-
tion of green microalgae Coccomyxa subellipsoidea C-169 had demonstrated the ability to
generate carbon flux by maintaining the C-N ratio at an elevated CO, level for growth and
lipid accumulation. [153].

7.4. Metabolomics

Furthermore, the study of metabolomics refers to low molecular biomolecules pro-
duced during cellular metabolic developments, where the responses of such biological
processes have been altered for both genetic and environmental reasons. Microalgae-
associated metabolomics studies are primarily concerned with the accumulation of qualita-
tive and quantitative determinations of economically derived secondary metabolites such
as fatty acids, pigments, polysaccharides, and so on, which can be used in nutraceutical
and pharmaceutical frameworks [157]. In microalgal metabolism, a variety of strategies
such as flux-balance estimation, photosynthesis-efficiency modification, lipid biosynthesis
and statistical optimization have been used [172]. In view of that, to focus on micro-
bial metabolism, NMR-assisted evaluation is playing an important role, as proved by
Abreu, et al. [173], where they demonstrated enhanced secondary metabolite production
in the microalgae Amphidinium carterae by modulating the culture medium as well as light
irradiation [173]. Recently, Zhang, et al. [174] investigated the integration of transcriptomics
and metabolomics phenomena in metabolic regulation of Chlamydomonas reinhardtii at ele-
vated CO; levels. Table 6 depicts a number of microalgal strains and the omics technology
used to indicate microalgal metabolism and associated lipid assimilation on behalf of the
multi-omics approach.

Table 6. Microalgal strains used for the study of algomics approach towards their improvement in

lipid biosynthesis.
Microalgae Strains Technology Used Targeted Genes Result References
. . . Ferrochelatase gene and Enhancement in
Chlamydomonas reinhardtii de novo synthesis leghaemoglobin gene hemH-Iba protein Wu, etal. [175]
Overexpression of No Increment of the
Nannochloropsis oceanica MCAT (M.alonyl CF)A-acyl Malonyll CoA-acyl carrier . Composmon. of . Chen, et al. [176]
carrier protein protein transacylase eicosapentaenoic acid
transacylase) (C20:5) by 8%
Cloning and expression of .
Muychonastesafer 3-ketoacyl-coA 3-ketoacyl-coA Lipid content Fan, etal. [177]
synthase gene enhancement
synthase gene
dzCas9/sgRNA system Cr?EPCl (CRISPRi
. . mediated phosphoenol Increment of
Chlamydomonas reinhardtii suppressed the .. Deng, et al. [178]
pyruvate carboxylase CrCIS activity
exogeneous gene regulation)

Upregulation of protein

Proteome analysis and downregulation of Proteins Shang, et al. [179]

Dunaliella parva

byiTRAQ protein assisted genes
Physiological and
Scenedesmus sp. IITRIND2 metai(;ll;cefl}?icgﬁatlon Upregulation of protein Lipid enhancement Arora, et al. [180]
saline condition
Promising role in AGPAT
De novo Recombinant plastid (1-acyl-sn-glycerol-3-

Phaeodactylum tricornutum Balamurugan, et al. [181]

transcriptome analysis electroporation phosphate
acyltransferase)
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7.5. In Silico Metabolic Approach

The study of secondary metabolites in microalgae includes fatty acids, carotenoids,
and polysaccharides. Various bioinformatics tools have been developed to help researchers
better understand gene-regulation networks and metabolic activity in different microalgae
species. Metabolic flux analysis (MFA) is one of the approaches that combines stoichiometric
constraints and a radio-labelled tracer to provide information on the flux distribution among
microorganisms [182]. NMR-based metabolic study has also revealed that changing of the
parameters (nutrient and light) results in increased fatty acid and carotenoid production.
Genome-scale modelling has recently been explored in several areas such as medicine
and the environment for studying metabolic pathways. Metabolic model construction
frequently necessitates knowledge of biochemical reactions (S matrix), species-specific
data from genomic annotations, and high-throughput experimental data. Using annotated
sequences, a new genome-scale model has been developed for evaluating environmental
disturbance and genetic manipulations among different species.

8. Economic Aspect of Microalgae-Derived Biofuels
8.1. Life Cycle Assessment (LCA)

LCA is regarded as a statistical technique for analysing the economic viability of
microalgae-based biofuels as well as their environmental implications throughout the
bioprocessing process [183]. A variety of microalgae-cultivation strategies are used to
assess the feasibility of supporting the biorefinery approach for commercialization. To
advance the ecological sustainability of the entire microalgae system, it is critical to opti-
mise metabolic conditions, extract different bioproducts using low-cost technologies, and
reutilize the media and co-products [184]. As a result, we believe that LCA can assist in
identifying hotspot conditions in a structure and drive to demonstrate a few technological
modernizations affording reduced energy as well as environmental impact [185]. Numer-
ous LCA-analysis studies, including energy, water use, and environmental prospects, are
currently being conducted that emphasise the production of microalgae biomass, biofuels,
and other valuable metabolites. [185,186]. As we all know, the current cost of microalgae-
derived biofuels is significantly higher than that of traditional fossil-based fuel resources.
However, forecasts show that technological advancements, conversion techniques, and
large-scale microalgae production will significantly reduce production costs in the near
future. Despite the promising potential of microalgae as a feedstock for renewable energy
production, a thorough technology assessment is required to make the entire system more
cost-effective and sustainable long-term.

8.2. Economics of Microalgae Based Biofuels

Technocrats must involve modern technologies that support economic considerations
in order to focus on effective development of the microalgae biorefinery model. We know
that microalgae have enormous potential to produce maximum amounts of lipids and an
inept ability to grow even on non-arable land [184]. This simple distinguishing feature has
engrossed many efforts to improve the entire bioprocessing of microalgae, which could be
used to harvest bioenergy in a costly manner. As a result, the race of nanobiotechnology
has now given peak momentum for microalgal growth and cost-effective harvesting [187].
In today’s scenario, there is a strong emphasis on the advancement and large-scale devel-
opment of microalgae-derived feedstock for bioenergy production. The conformation of
microalgae-based biomass and its metamorphosis into various fuel sources is regarded
as an ideal and critical feature for effective biorefineries. Thus, there is an urgent need to
maintain technoeconomic analysis (TEA) in order to focus on the development of the entire
biofuel generation from a laboratory scale, up to pilot, and to an industrial level. According
to a survey of annual operational costs to produce biofuels from microalgae, raw feedstock
is critical, and biomass degradation to yield fermentable sugars determines the total cost.
According to the TEA, microalgae feedstock contributes approximately 32% of the total
processing cost of several biofuels.
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9. Research Needs and Future Implications

The versatility of photosynthetic green microalgae for bioenergy production has been
cultivated as a potential and promising alternative to traditional fossil fuels to meet the
world’s ever-increasing energy demand. We are confident that multi-omics approaches will
be extremely useful in predicting metabolic pathways for detecting lipid-based genome
sequencing, which may exhibit the conceptual phenomenon for lipid enhancement towards
significant biofuel generation.

Despite research advances in microalgae-based biofuel systems, improvements are
still needed to establish an economically viable biofuel-production system. Several bio-
processing strategies are used in the biochemical conversion of microalgal biomass and
derived lipids, including acid hydrolysis, microalgae fermentation, enzyme saccharification,
distillation, purification, and other pre-treatment steps. Future research should concen-
trate on the low-cost pre-treatment methods and efficient fermentation to avoid sugar loss
during subsequent biofuel production from microalgae. Furthermore, one of the principal
difficulties for commercialization of the microalgae-based biofuel system has emerged as
lipid enhancement without compromising the lethal effects of microalgal growth. Thus,
research is needed to advance the study of lipid assimilation, metabolism, and genome
sequencing at the molecular and genetic levels. As a result, next-generation computa-
tional biology-based sequencing is required to determine the genetic hotspots associated
with lipid accumulation in microalgae. Furthermore, researchers should demonstrate the
lipid-processing mechanism for future economically viable bioenergy production.

10. Conclusions

The achievement of carbon-neutral biofuel production from microalgae demonstrates
promising potential for environmentally friendly energy evolution on an industrial scale.
Microalgae’s expanded opportunities as a sustainable and renewable feedstock in the
bioenergy sector to support the circular bioeconomy are quite promising. Lipid-extraction
strategies and multi-omics-based approaches can increase biofuel yield in microalgae,
resulting in a cost-effective system with a high eco-sustainability index.
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