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Abstract: This paper presents a comprehensive account of the harvesting and processing technologies
of microalgae and their applications in developing biofuels such as biodiesel, ethanol, biogas, syngas,
and hydrogen. Microalgae have been reflected as an environmental pollution controlling agent due to
their faster growth rate, making them a viable alternative to replace the current uses of non-renewable
sources. The significantly large volumes of microalgae culture required for bio products are highlighted
as a major concern of the complexity at the harvesting stage. At present, there are hardly any single
methods that could generally be applied for processing the broad range of microalgae species with
varying characteristics. Improvements are also required to effectively minimize the energy and cost
required for the microalgae processing methods to be applicable at a commercial scale. By improving
the techniques used at the harvesting stage, the costs associated with further processing steps to produce
microalgae-based bio products and biofuels could be reduced. Future studies should also focus on
identifying better algae strains that produce a high yield of good quality biofuel to economically viable
algae biofuel.
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1. Introduction

Algae are a community of photosynthetic autotrophs usually found in different kinds of
water bodies like lakes, rivers, and seas. Microalgae are single-cell microorganisms within the
algae community that exist in both marine and fresh water habitats. Regardless of the lack of
composite structures and organs relative to their plant equivalents, due to the existence of
pigments involved in photosynthesis, including chlorophylls in their cells, microalgae can
conduct photosynthesis utilizing sunlight, carbon dioxide, and water [1]. As microalgae are
microscopic species found within the agatic environment and in terrestrial environments, they
depict a large number of organisms that can survive in diverse ecosystems. Under varying sorts
of metabolic circumstances, including autotrophic, heterotrophic, photoheterotrophic, and
mixotrophic, microalgae can grow faster and primarily demand three major growth
components,: sunlight, water and carbon [2]. Since geography is a crucial determining factor
in the determination of microalgae strains that can be used to produce biomass, tropical or
subtropical regions with an ample year-round supply of solar radiation and saline water (either
from the sea or as groundwater) are typically the best for algae mass cultivation [3]. So, this is
an added advantage to the tropical countries in using the microalgae as raw material [4].
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The worldwide increase in energy demand from residential and commercial spaces has
recently been followed by a simultaneous increase in the use of fossil fuels. Global demand for
fuel energy is constantly rising with the rapidly growing world population. The widespread use
of fossil fuels globally results in their destruction and would make them closer to depletion
because of their untenable and non-renewable existence [5]. A massive amount of fossil fuel is
still available at substantial expense, but it is steadily inching towards depletion due to the
overexploitation of fuel supplies. In addition, the unsustainable combustion of fossil fuels has
contributed to raised greenhouse gas emissions (GHGs) and has thus resulted in global
warming. Too much fossil fuel burning can also contribute to particulate matter, volatile
organic compounds, and other air pollutants such as NOx, SOx, COz2, CO, etc. Therefore, since
it is sustainable and can significantly reduce GHG emissions by photosynthesis, biomass may
be viewed as a desirable substitute for fossil fuels. Mostly in ecological, economic, and social
fields, the huge-scale production of biomass energy will lead to more sustainable advantages.
As an alternative to fossil fuels, biofuels are now an increasing opportunity worldwide [6].

High microalgae photosynthesis effectiveness combined with the potential to assemble
a significant percentage of bio-products in their cells makes them a perfect option for industrial
raw materials [7]. Since the 1970s, microalgae have been explored as feedstock for the
generation of biodiesel due to their extensive abundance and greater oil yields than traditional
terrestrial plants [8]. Consequently, the current emphasis is on microalgae as a promising raw
material for bioenergy production as feedstock for the compensation and juggling of the ever-
increasing market for biofuel production. Research on harvesting and processing microalgae
and their applications in developing eceomically viable green products, such as biofuels, has
been done comprehensively in the last few years. However, no work in the literature has
adequately addressed these research developments with respect to the processes and
applications of microalgae-based bio-products and their significance in many countries. This
review is an effort to fulfill this research void, which will immensely assist future developments
and improvisations in overcoming the existing challenges in the scientific frontiers.

2. Information Analysis

2.1. Types of algae and their metabolism.

Algae is known as plant-like species, which are generally photosynthetic and aquatic
but do not have true roots, branches, leaves, and primary reproductive structures. Algae are
commonly known as Phaeophyta (brown algae), Chlorophyta (green algae), and Rhodophyta
(red algae) and are featured as microalgae or macroalgae by size. More than one million
organisms are included collectively [9].

Macroalgae (seaweed) are multicellular, higher in dimension, and observable to the
naked eye, whereas microalgae are unicellular, microscopic, and can be prokaryotic,
cyanobacteria-like (Chloroxybacteria), or eukaryotic, green-algae-like (Chlorophyta) [5]. They
are uncomplicated, single cellular or multicellular photosynthetic species that use sunlight to
fix and transform atmospheric CO2 into biomass.

Prokaryotic cyanobacteria, eukaryotic microalgae, and diatoms are among the most
frequently examined microalgae for biofuel and valuable chemical processing in academia and
business [10].

The microalgae community has the ability to live in both fresh water and marine
environments. In regard to microscopical semblance, freshwater algae can be classified into 10
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main divisions (phyla) (Table 1). Some other phyla- Raphidophyta, Haptophyta,
Eustigmatophyta, Prasinophyta, and Glaucophyta are also accessible in addition to these
classes. Whereas these subsidiary phyla have taxonomic and phylogenetic importance, they
have minimal influence on the ecosystem of freshwater [7].

The common name for marine algae is seaweed. Seaweeds are not plants at all, but they
can resemble plants that survive underwater, developing in more than 150 feet in length in
some instances. The marine algae generally fall into three distinct groups: red, green, and
brown algae from the Protista kingdom. The complete classification of algae is given in Table
2. Whereas algae are not plants, they do match some primary features with them. Marine algae,
including plants, use chlorophyll for photosynthesis. Seaweeds also have cell walls that are
similar to plants. Moreover, seaweeds do not have any root or internal vascular structures,
unlike plants, nor do they contain seeds or flowers, both of which should be categorized as
plants [11].

Table 1. Prime classifications of freshwater algae [7].

Visible
Al L Single . . . . to .
gal division Phylum Examples Multicellular | Microscopic | Filamentous Colonial
cellular naked
eye
Brown algae Phaeophyta Pleurocladia N N
Heribaudiella
Red algae Rhodophyta Batrachospermum | N N N
Bangia
Chrysophytes | Chrysophyta Mallomonas N N N
Dinobryon
Yellow-green | Xanthophyta Ophiocytium N N N
algae Vaucheria
Green algae Chlorophyta Chlamydomonas N N N N N
Cladophora
Blue-green Cyanophyta Synechocystis N N \
algae Microcystis
Euglenoids Euglenophyta | Euglena N N
Colacium
Cryptomonads | Cryptophyta Rhodomonas N N
Cryptomonas
Diatoms Bacillariophyta | Stephanodiscus N N N \
Aulacoseira
Dinoflagellates | Dinophyta Ceratium N N
Peridinium
Table 2. Classification of marine algae [12].
Algal class Order Original species
Rhodophyta Bangiales Porphyra dioica J.Brodie & L.M.Irvine, 1997
Ulva purpurea Roth, 1797
Porphyra umbilicalis Kiitzing, 1843
Gigartinales Chondrus crispus Stackhouse, 1797
Fucus stellatus Stackhouse, 1796
Fucus lumbricalis Hudson, 1762
Palmariales Fucus palmatus Linnaeus, 1753
Chlorophyta Ulvales Ulva intestinalis f. filiformis P.Crouan & H.Crouan

Cladophorales

Ulva lactuca Linnaeus, 1753
Conferva rupestris Linnaeus, 1753

Phaeophyceae Fucales Fucus serratus var. lacinatus Greville, 1890
Fucus vesiculosus var. angustifolius C.Agardh, 1817
Fucus canaliculatus Linnaeus, 1767
Laminariales Fucus esculentus Linnaeus, 1767

Ectocarpales

https://biointerfaceresearch.com/

Fucus digitatus Hudson, 1762
Fucus flagelliformis O.F.Miller, 1775

3851


https://doi.org/10.33263/BRIAC123.38493882
https://biointerfaceresearch.com/
http://www.marinespecies.org/aphia.php?p=taxdetails&id=499042

https://doi.org/10.33263/BRIAC123.38493882

As opportunities for novel metabolites and biotechnologically valuable genes, marine
microalgae, the biggest primary bio-mass, have been seizing interest. A large number of
microalgae are there in the mixed marine climate. There are at least 30,000 species of
microalgae that are recognized. Microalgae are categorized mainly as single cellular
photosynthetic cells, even though some composite associations give larger structures to
colonies. This is rather a heterogeneous group that involves bacteria-like prokaryotic organisms
(cyanobacteria or blue-green algae) and eukaryotic species like diatoms. Blue-green species
are too high in number and possibly not deeply investigated [7].

Microalgae are able to discover their resource management conditions and their
effective use. In general, photosynthesis requires a satisfactory amount of carbon source and
light for the progression of microalgae. Not just the organic source of carbon (e.g., protein, fat,
and sugar), but also vitamins, nitrogen, phosphorus, and salts are needed to grow microalgae.
The balancing act between controlling variables (molecular oxygen, COz2, light intensity,
temperature, pH level, and product elimination and by-product elimination) is also vitally
important [13].

Microalgae have the potential to grow under several sorts of metabolic conditions,
including autotrophic, heterotrophic, photoheterotrophic, and mixotrophic. Some examples of
strains that can be able to nurture under photoautotrophic, heterotrophic, and mixotrophic
circumstances are Arthrospira platensis, Chlorella vulgaris, and Haematococcuspluvialis. For
example, while other microalgal strains may grow whichever photoautotrophically,
heterotrophically, or photoheterotrophically, Scenedesmusacutus and Selenastrum
capricornutum [14]. Moreover, the metabolism of algae differs based on the adjustment in pH,
which relies on the stoichiometry of the microalgae growth. The metabolic switch in
microalgae occurs as a consequence of changes in environmental factors [2].

2.2. Algae-based bio-fuels.

Algal-based fuels have 10%-45% oxygen levels and reduced sulfur releasing levels,
while petroleum-based fuels do not show greater sulfur releasing levels of oxygen. Biofuels
are non-polluting, locally accessible, cost-effective, renewable sources of sustainable and
reliable fuel. Microalgae fuels based on algae are eco-friendly, non-toxic, and highly capable
of global CO: fixation. It has been documented that 1.83 kg of CO2 can be fixed by 1 kg of
algal biomass, and some organisms use SOx and NOx along with COz2 as nutrient flow. 50
percent of the dry weight of algal biomass is CO2 [5].

Biomass selection and production is a censorious, cost-deciding stage in developing
biofuels to adjust and optimize energy framework and cost. Moreover, biomass selection for
the development of biofuels is also closely correlated with greenhouse gas emissions,
environmental sustainability, and economic sustainability [15].

Algal biomass is recyclable as well. After reducing primary fuels in the form of
hydrogen, methane, biodiesel, and bioethanol, the use of micro-algal biomass could be a
promising path. This algal biomass, referred to as spent microalgal biomass (SMAB), carries
up to 70% of its commencing energy level and retains proteins, carbohydrates and lipids, and
nutrients. This may be an added bonus to algae selection as the future source of biomass.

The key components of all algae are lipids, carbohydrates, proteins, and nucleic acids.
As an indication of its composition, the chemical investigation of algae samples is given in
Table 3.
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Table 3. Chemical investigation of algae samples (dry matter basis, %)[16].

Sample organisms Carbohydrates Proteins Lipids Nucleic acid
Scenedesmus obliquus 10-17 50-56 12-14 3-6
Spirogyra sp. 33-64 6-20 11-21

Scenedesmus quadricauda - 44-50 18-21

Scenedesmus dimorphus 21-52 8-18 16-40
Chlamydomonas reinhardtii | 15-19 50-46 18-24 -
Chlorella vulgaris 12-17 51-58 14-22 4-5
Chlorella pyrenoidosa 24-28 55-59 1-3

Dunaliella bioculata 35 47-51 6-10

Dunaliella salina 30-34 55-59 5-7

Euglena gracilis 14-18 39-61 14-20 -
Spirulina platensis 8-14 46-63 4-9 2-5
Prymnesium parvum 25-33 28-45 22-38 1-2
Tetraselmis maculata 14-16 50-54 2-4 -
Porphyridium cruentum 40-57 28-39 9-14 -
Spirulina maxima 13-16 60-71 6-7 3-45
Synechococcus sp. 14-16 62-64 10-12 4-6
Anabaena cylindrica 25-30 43-56 4-7 -

It is clear from the data shown in the table above that microalgae are primarily
constructed with proteins, lipids, and water-soluble carbohydrates.

Algal cell
Light + CO, + H,0 + Nutrients e, Lipids + Carbohydrates + Proteins

The above equation shows that microalgae are well-suited biomasses for transforming
into biofuels such as biodiesel from lipids, ethanol and/or hydrogen from carbohydrates, and
fertilizer from proteins [16-17].

In the composition and metabolism of micro-algal cells, proteins play a significant role.
Similar to various catalytic enzymes involved in photosynthesis, they are a crucial part of the
membrane and light-harvesting complex. The protein content of various micro-algal species
can interact with traditional protein sources quantitatively and qualitatively. Numerous
organisms of microalgae are known to have elevated protein concentrations in terms of
quantity; this can differ from 42 percent to over 70 percent in some cyanobacteria and up to 58
percent on the basis of dry weight for Chlorella vulgaris [18]. In terms of quality, microalgae
consist of entire essential amino acids that mammals cannot synthesize. In addition, the amino
acid profiles like lactoglobulin, egg albumin, and soy, are well-proportioned and quite
equivalent to greater quality protein sources [19].

Carbohydrates have both structural and metabolic roles, namely mono-, oligo-, and
polysaccharides. Carbohydrates can be observed bound to proteins or lipids (e.g., glycoproteins
and glycolipids), and the main structural characteristics of the cell wall are complex
polysaccharides [20]. In addition, glucose and starch-like energy storage products, which are
the basic photosynthesis yields consists of carbon, are made from microalgae. According to the
microalgae community, polysaccharides are developed in several pathways. While some
species synthesize semi-amylopectin, Cyanophytes are reported to accumulate glycogen [21].
Chlorophyta synthesizes starch in the form of two glucose polymers, amylopectin, and
amylose, whereas Rhodophyta generates a carbohydrate polymer known as Floridian starch
[22].

The microalgae lipid fraction consists primarily of neutral lipids like acylglycerols, free
fatty acids, and carotenoids, and polar lipids like different phospholipids and galactolipids.
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Basically, in the exponential stage of development, most of the microalgae are rich in
polar lipids and accumulate triacylglycerols under stress conditions, ideally in the stationary
stage when nutrients are minimal. Microalgae's fatty acid profile is ideally recognized by a
combination of saturated and unsaturated fatty acids C16 and C18, along with extended carbon
chain lengths like several omega fatty acids. In neutral lipid bodies, saturated fats are usually
processed, while unsaturated fatty acids are often linked with polar lipids in the different
membranes that preserve membrane fluidity under different growing circumstances. The lipid
content is quite well documented in many microalgae species and can account for anywhere
from 20% to 50% of dry biomass (w/w). Still, other values fluctuating from 1% to 70% have
also been registered. The development of lipids tends to depend on the microalgae organisms,
and the conditions of cultivation largely control the generation of various kinds of lipids, i.e.,
the stage of growth, availability of nutrients, salinity, temperature, light strength, and pH [18].

Vitamins (A, B1, B2, B6, and C) and minerals like iron, potassium, calcium, iodine,
niacin, and magnesium can also be provided by micro-algae. Because of all major nutrients in
microalgae, they are among the basic food sources in Asian nations, including Korea, Japan,
and China. Owing to their nutritional value, they are also used in other parts of the world [16].

2.3. Growth conditions of algae.
2.3.1. Light.

Algae can be quickly cultivated and grown anywhere with fewer energy requirements
and very few nutrients. For micro-algal cultures, the optimal growth conditions are strain-
specific, and biomass productivity relies on several factors. Abiotic variables including
temperature, minerals, carbon dioxide, pH, quality of water, light cycle, and intensity are
included. The two most significant factors that influence the productivity of algae biomass are
light and temperature. Via photosynthesis, the energy for growing algae is generated by light.
To achieve higher biomass productivity, adequate light energy must be used effectively [23].

Light is the most important factor controlling micro-algae growth and storage materials.
A decrease in dry weight is caused by low light intensity, whereas increased intensity brings
biochemical injury to photosynthetic machinery or photoinhibition. Light is restricted without
photo-inhibition under most incubation conditions in specific with a comparatively greater cell
concentration. The higher the light intensity applied (from 35 to 400 mEm2s1), the higher the
fatty acid and arachidonic acid content in the cells of the microalgae Parietochloris incisa.
Similarly, micro-algae B. Braunii had the uppermost lipid yield of 0.45 g L as the measured
intensity raised from 0.3 to 538 mEms™. The results also revealed that algal growth was
constrained by comparatively high light intensity but supported a rise in lipid content and yield.
In order to avoid photo-oxidative injury, the handling of too many photo-assimilates, which
can then be retained in lipid form, is likely to be a means of transforming excess light into
chemical energy. The impact of the wavelength on the growth of B. Braunii has shown that red
and blue lights are more efficient than a green light for growth, photosynthetic CO: fixation,
and hydrocarbon production, and that red light is the most efficient light source [24].2.3.2.
Temperature.

The temperature, which directly affects the biochemical mechanisms in the algal cells,
and photosynthesis, is also an additional significant element in microalgae growth. Each
organism has its individual optimum temperature for growth. Raising the temperature to the
optimum range improves the growth rate of the algae exponentially, but a rise or decline in
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temperature above the optimal level slows down or even inhibits the growth and activity of the
algae [23]. While thermophilic algae-like Anacystis nidulans and Chaetoceros can withstand
temperatures of up to 40°C and algae growing in hot springs near 80°C [26], the optimum
temperature range is 20-30°C for most algal species [27]. Optimum growth temperature and
the growth rate at the optimum temperature for some chlorophytes and blue-green algae are

shown in this Table 4.

Table 4. Optimum temperature and growth at optimum temperature for some algal species [28].

Range tested (°C)

Optimum (°C)

Growth rate at optimum

(dh)
Chlorophytes
Ankistrodesmus falcatus 5-35 35 1.30
Chlorella sp. 25-45 35 1.63
Chlorella pyrenoidosa 10-43 40 2.56
Chlorella saccharophila 5-30 21 1.14
Chlorella sorokiniana 10-30 30 2
Chlorella vulgaris 25-41 35 5.28
Chlorogonium sp. 25-40 35 4.8
Closterium acutum 10-30 30 1.14
Coelastrum microporum 15-35 35 1.64
Cosmarium subprotumidum 15-35 35 1.00
Glaphyrella trebouxioides 5-30 18 0.79
Mychonastes homosphaera 14-28 20 1.19
Scenedesmus abundans 10-35 35 1.95
Scenedesmus acutus 9.5-29 24 1.84
Scenedesmus almeriensis 10-45 35 1.68
Scenedesmus dimorphus 10-35 35 1.5
Scenedesmus ecornis 10-35 30 2.1
Scenedesmus incrassulatus 15-36 30 1.13
Scenedesmus obliquus 20-36 32 1.22
Scenedesmus quadricauda 3-25.5 255 1.07
Selenastrum capricornutum 15-39 21 1.08
Staurastrum chaetoceras 10-30 30 0.86
Staurastrum cingulum 2-35 30 0.95
Staurastrum pingue 10-30 30 0.78
Staurastrum planctonicum 10-30 30 0.84
Blue-green algae
Anabaena aphanizomenoides 10-35 35 1.46*
Anabaena spiroides 16-40 24 0.77
Anabaena ukrainica 5-32 26 0.78
Anabaena variabilis 25-45 35 1.2
Anacystis nidulans 25-45 41 3.55
Cylindrospermopsis raciborskii 12-32 32 0.71
Merismopedia tenuissima 15-30 30 0.69
Microcoleus vaginatus 15-39 21 0.22
Microcystis sp. 4-37 25 0.35
Microcystis aeruginosa 15-30 30 1.09
Microcystis aeruginosa 20-35 32 1.6
Microcystis ichthyoblabe 10-35 35 1.32
Microcystis wesenbergii 10-45 35 15
Oscillatoria agardhii 5-35 30 1.12
Oscillatoria redekei 5-35 25 1.32
Phormidium bohneri 5-35 35 1.59
Synechococcus sp. 14-28 28 1.19
Synechocystis sp. 20-41 30 1.7
Synechocystis minima 10-35 32 1.32
Tychonema bourrellyi 2-35 17 1.07
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As growing microalgae can result in high biomass losses at non-optimal temperatures,
the temperature is significant for large-scale cultivation. Reduced temperatures trouble
photosynthesis by reducing the operation of carbon assimilation, while extreme temperatures
decrease photosynthesis by disabling photosynthetic proteins and breaking up the cell's energy
equilibrium. Higher temperatures also decrease the respiration and size of the cells. The drop-
in photosynthesis leads to a very low rate of growth [29].

A decrease in the action of ribulose-1, 5-bisphosphate (Rubisco), an enzyme with
double tasks, is responsible for the main impact of temperature on photosynthesis. The relative
concentrations of Oz and CO:2 existing in chloroplasts can function as an oxygenase or
carboxylase. The Rubisco enzyme's CO: fixation activity rises to a certain amount with
increasing temperatures and then decreases. As a result, the temperature is a critical element
for the growth rate of algal and biomass generation due to its effect on the fondness of ribulose
to COz. As a stress therapy, the temperature can also be used to accelerate the production of
usable metabolites. It is found that when grown at 25°C, a Chlorella vulgaris culture developed
more carbohydrates and lipids than at 30°C [5].

For several microalgae species, scientists have found that temperatures between 27 and
31°C were ideal, so light and temperature have a major impact on algae metabolism, enzyme
activities, and cell composition [27].

2.3.3. Other environmental conditions.

Diurnal cycles and seasonal fluctuations can also modify the accessibility of sunlight,
hence affecting the growth of microalgae [10]. With the ample availability of solar radiation
throughout the year and saline water (either from the sea or as groundwater) in tropical or
subtropical regions, they could generally be considered the fittest places for the mass
cultivation of algae. However, the responses of the algal community for the light, temperature
and other conditions depend on their inner characteristics, and they vary among different algal
strains.

Cultivation of algae often relies on pH levels, and optimum pH affects the supply of
biomass, metabolism, and cell biochemical composition. Another significant factor impacting
the growth of microalgae is pH. Species of microalgae have varying pH requirements [30].
Most of them thrive well in the pH range from 6 to 8.76. Most algae species are pH sensitive,
and a small number of them can have a pH range as wide as that handled by C. vulgaris. C.
vulgaris may develop in a wide range of pH, but the highest growth rate and biomass yields
are noticed at pH 9-10. High pH will boost salinity, which is very hazardous to the cells of
algae [31].

Various species of microalgae may differ widely in their nutrient needs, but the
primary requisites for all species are the same. The microalgae backbone (CH 1.7 0 0.4 N 0.15
P 0.0094) is constructed by nitrogen, phosphorus, and carbon and is categorized as
macronutrients necessary for algae growth. In addition, a few other organisms of marine
microalgae also need silicon as a macronutrient [32].

02 and Hz are absorbed from water by microalgae. For various species of microalgae,
the amounts of macronutrients, including nitrogen and phosphorus, may differ. Chlorella
growth has been reported to have decreased when nitrogen and phosphorus concentrations fell
from 31.5 and 10.5 mg/l, respectively. The amount of nitrogen accessible in the culture
correlates with the cell growth directly. Limiting nitrogen in microalgae culture while
increasing carbohydrate and lipid production will decrease biomass productivity and growth
https://biointerfaceresearch.com/ 3856
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[5]. The optimum concentration of 0.5 g/l nitrogen for, Chlorella vulgaris at which 3.43 g/l
biomass is produced has been shown [31].

Mo, Co, K, Mg, Mn, Fe, B, and Zn micronutrients are required only in very little
quantities but have a crucial role in microalgae growth, as they control numerous enzymatic
functions in algal cells [33].

The basic inorganic nutrients that are significant for microalgae growth are P, N, and
C. Nutrient deficiency significantly impacts the growth rate of microalgae and results in low
biomass. The availability of nutrients greatly influences the synthesis and accumulation of
carbohydrates and lipids in microalgae [34]. As stated in earlier research, the impact of varying
environmental conditions on algal growth has been given in Table 5.

Table 5. Impacts of varying environmental conditions observed on the growth of algae [6,35,36].
Strains of algal species Conditions evaluated Recognizable impacts

Pleurochrysis carterae pH Supreme productivities utilizing plate photo
bioreactor at pH 7.7-8.0.
Supreme productivity in outdoor raceway pond at
pH 9.1-9.6.

Not specified Relationship among The hydration of CO2 and consequent formation

supplied COz and pH of bicarbonate ions is quicker at pH values below
8.

Direct reaction of CO2 with the hydroxyl ion to
form bicarbonate occurred best at above pH 10.
CO: given at near-neutral pH led to the massive
CO:z release into the atmosphere

Biomass production and lipid accumulation
increase followed by an increase in CO:2
concentration

Not specified Relationship among given
CO2 and pH

Concentration of CO2

Nannochloropsis oculata

Concentration of CO2

Scenedesmus obliquus
Chlorella kessleri
Spirulina sp
Chlorella vulgaris.

Scenedesmus obliquus and Chlorella kessleri
were stated to acquire the capability of CO: bio-
fixation.

Haematococcus pluvialis

Aeration and light intensity

Higher growth stated in the aerated column as
aeration.

Sedimentation was blocked, and good contiguity
among cells and nutrients.

The rise in light intensity enhanced greater cell
density and growth rate up to a certain level
beyond which it inhibited growth.

Botryococcus
Nitzschia sp.
Isochrysis
Dunaliella sp.

Nitrogen and salt stress

Lesser levels of lipids were seen in Dunaliella sp.
(23%), Nitzschia sp. (12%), and Isochrysis (7%).
Under non-stressed conditions, Botryococcus
facilitated elevated lipid concentration.

Chlorella emersonii
Chlorella vulgaris
Chlorella minutissima

Nitrogen stress

63%, 56%, and 40% increase in lipid content of
C.emersonii, C. minutissima, and C. vulgaris,
respectively

Chlorella vulgaris

Concentration of iron

Greater iron concentrations improved lipid
accumulation

Botryococcus
Isochrysis
Dunaliella bardawil
Dunaliella salina

https://biointerfaceresearch.com/

Nitrogen stress

Botryococcus lipids raised (10%) with N2
increase.

Dunaliella bardawil and Dunaliella salina lipids
reduced (10%) with Nz rise.

Isochrysis lipids and carbohydrates rose up with
the drop in N2,

Chlorophyll and Protein content reduced, whereas
lipids and carbohydrates showed a species-
specific pattern.
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Conditions evaluated |
Temperature and nitrogen
stress

Strains of algal species
Spirulina maxima

Recognizable impacts
Spirulina lipids content rose up 3 times with the
reduction of nitrogen content and temperature
decline, being the nitrogen concentration decline
more efficient.

2.4. Harvesting of micro-algae.

The harvesting of algae is defined as the isolation or detachment from the growth
medium of the algae. The harvesting process is heavily dependent on the physiognomy of the
selected micro-algae, the size and density of the micro-algae cell, and the characteristics of the
ultimate outcome. Microalgae harvesting is one of the key components of the development of
microalgae. Several studies have shown that it accounts for 20-30 percent of the overall cost of
production because of its high energy demand [1]. Numerous mechanical, chemical, biological
and electrical harvesting technologies have been used to collect biomass, including filtration,
centrifugation, flocculation, and flotation [37]. In certain cases, a combination of two or more
methods is utilized to improve the productivity of harvesting further. A list of harvesting
techniques and their target microalgae organisms, benefits, and drawbacks are presented in
Table 6.

Table 6. Different harvesting techniques and their target microalgae organisms with their benefits and

drawbacks.
Harvesting Microalgae Benefits Drawbacks References
technique organisms
Axial vibration Chlorella pyrenoidosa | Low membrane need power- [38]
membrane filtration fouling enthralling pumping
units
Cross flow filtration | Chlorella sp. Increased energy Susceptible to [39]
efficiency membrane fouling and
shearing of fragile
materials
Ultrafiltration Dunaliella salina Reduced cell Greater investment [40]
shearing, low cost
energy, and
chemical
consumption
Polyacrylonitrile- Scenedesmus and Low membrane Need power- [41]
based membrane Phaeodactylum fouling enthralling pumping
filtration units
Tilted membrane Wild microalgae strain | Low membrane Membrane fouling [42]
panel filtration cost and energy
consumption
Microbial bio Desmodesmus Cost-effective and | Spoilage by [43]
flocculation brasiliensis eco-friendly microalgae products
Electro-flocculation D. salina Cost-effective and | Energy-intensive [1]
no use of
chemicals
Plant bio- Chlorella sp. Cost-effective and | Spoilage by [44]
flocculation limited toxicity microalgae products
(Moringa oleifera)
Buoy-bead flotation Chlorella vulgaris No use of Expensive method [45]
chemicals and
greater reusability
Magnesium Chlorella zofingiensis | Does not use Use of toxic [46]
Coagulation external coagulant | chemicals
dissolved air and increased
flotation recyclability of
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Harvesting Microalgae Benefits Drawbacks References
technique organisms
coagulant and
biomass
Cost-effective and | Use of toxic [47]
Chemical Chlorella sp. simple to execute chemicals
flocculation
Foam flotation C. vulgaris, Isochrysis | inexpensive and Investment and [48]
galbana, and low power maintenance costs are
Tetraselmis suecica demand, Easy to high
execute
Electrolytic flotation | C. vulgaris No use of Investment and [49]
chemicals, reduced | maintenance costs are
energy demand, high
and can be utilized
in a continuous
system
Ozone flotation Scenedesmus sp. High recovery of Need specified ozone [50]
microalgae bio- generation tools onsite
compounds

2.4.1. Filtration.

The filtration method utilizes a semi-permeable membrane that can hold microalgae on
the membrane, permitting the liquid media to move through, leaving behind the collection of
micro-algal biomass [51]. This method can extract high cell concentrations from the medium,
and the differing pore dimension of the filter membrane helps the processes satisfy the
requirement for various microalgae and manipulate the more fragile organisms that are
susceptible to compressive injury. However, this technique is vulnerable to fouling and
obstruction and thus involves regular adjustments to the membrane or fresh filter that could
drastically add to its operating expense. In consideration of this obstruction, the filter
membrane was constructed incorporating inexpensive and easily available materials. As a
result, a stretch cotton filter membrane capable of achieving 66-93 percent harvesting
efficiency has been successfully generated by Bejor et al. [1].

2.4.2. Centrifugation.

The centrifugation process uses centrifugal force to isolate microalgae cells from
culture media based on the portion’s density and particle size [52]. This approach has a
greater efficiency for cell harvesting, but the protocol is time demanding and energy
demanding. In addition, the increased gravitational force used in centrifugation could damage
the cells, changing it unfavorable for some applications as the sensitive nutrients could
disappear. The industry has used various kinds of centrifugal systems, including disk stack
centrifuges, perforated basket centrifuges, imperforated basket centrifuges, decanters, and
hydro-cyclones [37].

2.4.3. Flocculation.

Flocculation is a mechanism in which free-floating single cellular microalgae cells
accumulate together by applying a flocculating mediator to eliminate the surface charge of cells
to make a bigger particle which is known as floc. It is possible to divide flocculating agents
into two major groups, named chemical flocculants and bio-flocculants. Inexpensive and
frequently usable chemical flocculants, including iron and aluminum salts, have been
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commonly utilized in the industry [53]. The research conducted by Chatsungnoen and Chistt
[54] showed that metal salts like aluminum sulfate and iron chloride can remove approximately
95% of the microalgae biomass in standard conditions. However, because of their high toxicity,
the chemicals are not eco-friendly and should be eliminated by further treatment procedures
that add to the cost of production [55].

In contrast, bio-flocculants are safer and more environmentally friendly than their
chemical counterparts. They are also inexpensive to use, and prior to additional downstream
processing of microalgae and culture media recycling, there is usually no pre-treatment
required [56]. Biopolymers, including acrylic acid and chitosan, which occur naturally or are
manufactured artificially, are most bio-flocculants used [57]. Compared to chemical
flocculants like aluminum sulfate that require higher concentrations to obtain the equivalent
outcomes, chitosan at a lower dose is stated to achieve 90% cell recovery [58].

2.4.4. Flotation.

To facilitate the floating of cells on the surface of the culture media for easy harvesting,
flotation utilizes tiny bubbles that bind to microalgae cells [59]. Comparatively greater
harvesting performance, simple maintaining protocol, and greater processing throughput at
minimal expenses are the benefits associated with the flotation method [60]. There are 3 major
types of flotation models that use different mechanisms to produce air bubbles. The dissolved
air flotation system creates air bubbles by overloading the culture with pressurized gas and then
discharging the culture at ambient pressure. This technique has been generally used to treat
wastewater but is hampered by high costs due to the use of resources and the use of chemicals.
In contrast, dispersed air flotation uses a sparger to produce air bubbles which consecutively
have lesser energy needs than the dissolved air flotation. Electro-flotation, which applies
electrolysis to produce microbubbles from its electrode to capture free-floating microalgae, is
the third technique. In addition to harvesting, this technique also enables concurrent cell
disruption activity while alternating current is utilized. However, due to fouling, the
corresponding device is very energy-demanding, and regular electrode replacement is needed,
increasing the cost of output [37].

2.4.5. Magnetic separation.

Traditional approaches to harvesting microalgae, such as floatation, filtration,
electrolysis, and centrifugation, face the constraints of increased expenses, energy intensity,
and complex processes. Magnetic separation was also implemented as an effective tool for
micro-algal harvesting alongside these conventional methods. High performance and low
running costs, along with quick and rapid processing, are the key benefits of magnetic
separation processes [61].

Molecular aggregates or atomic with at least one dimension between 1 and 100 nm were
known as nanoparticles (NPs), with dramatically swapped physical-chemical features
compared to the bulk content [62]. Magnetic nanoparticles (MNPs) are mainly nanoparticles
used for microalgae harvesting because magnetic separation allows quick, automated, and
scalable processing with greater harvesting efficiency and lesser contamination [63].

In addition, magnetic nanoparticles have small sizes, special physicochemical
characteristics, and lesser production costs [64]. The primary categories of magnetic particles
used for algal harvesting are bare (naked), coated, and surface-modified [65].
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a. Naked (bare) magnetic particles

Naked iron oxide nanoparticles, which are generally known to be inexpensive and
simple to operate, have been employed to research the detachment of microalgae. Effective
detachment is possible under a varying ecological parameter and depends basically on the mass
ratio of nanoparticles to microalgae when the mass ratio is suitably selected, while the impact
of pH and ionic strength is not very important. This magnetic nanoparticle application is an
example of the projections provided by nano-biotechnology for biomass exploitation. For
Scenedesmus ovalternus and Chlorella vulgaris, the increased affinity of the cell walls for the
inorganic surface permits harvesting efficiencies larger than 95 percent [66-67].

The FesOs particles generated by chemical co-precipitation were successful in
harvesting Botryococcus braunii and Chlorella ellipsoidea freshwater algal species. In another
study, FesOs nanoparticles were utilized for the effective processing of Nannochloropsis
maritima marine microalgae. At the particle dose of 120 mg/L within 4 minutes, the recovery
efficiency of cells from the culture medium was more than 95 percent. It has been reported that
naked magnetite has ion exchange features, and the detachment is mainly based on the
electrostatic interactions among the magnetite and the algal cells. Furthermore, Fe ions released
from the surface of naked iron oxide magnetic micro-particles can act as flocculating agents
and support the procedure of harvesting. However, in the harvested algal cells, the released
ions can raise the metal content, and this can affect the downstream processing of the biomass
of algae. For example, Fe can poison the desulfurization catalysts and reduce the yield of
gasoline. Hence, the possible effect on the downstream process should be considered in the
choice of magnetic adsorbent [68].

When the pH value decreases, the efficiency of harvesting increases dramatically.
Therefore, the low pH value assigned to the protonation of the surface of the nanoparticles is
beneficial for adsorption among the algae cells and the nanoparticles [69]. The addition of the
stirring mechanism to help the binding of the iron oxide nanoparticles and the micro-algal cell
surface before subjection to the extrinsic magnetic field is a very important phenomenon on
improving the harvesting effectiveness of microalgae. It is expected that this step will improve
the productivity of harvesting significantly [65].

b. Coated and surface-modified nanoparticles.

To minimize free interfacial energy, a microorganism prefers to bind to solid substrates
in general. The overall extent of interactions, including non-covalent Lifshitz van der Waals
forces, electrostatic forces, and acid-base interactions, must be known throughout algal binding
to magnetic particles in an aqueous atmosphere. This triggers harvest suppression, so it is
essential to change magnetic nanomaterials. Cationic polymers are mostly employed as coating
chemicals because of their negative surface charges on most microalgae [70]. For rapid
microalgae harvesting, several authors have studied various coatings of magnetic
nanoparticles. Wang et al. [71] successfully applied a coating of positively branched dendrimer
to enhance the yield of microalgae. They have found that the algae yield increases as the
thickness of the dendrimer coating are increased. They have also developed a technique for
synthesizing the required dendrimer and also assure that they can be regenerated and applied
repeatedly. Table 7 depicts information on some of the earlier research carried out using Coated
and surface-modified nanoparticles in harvesting and the research findings.
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Table 7. Findings of the earlier researches carried out with the use of Coated and surface-modified nanoparticles
in harvesting.

Coated and surface-
modified nanoparticles

Mode of synthesis

Findings

References

Nanoparticles + Poly-
arginine (PA)

Highly positive long-chain
poly-arginine was used to
alter magnetic porous Fe3Oa.
The alteration was attained by
first coupling amino silane on
p-FesO4to obtain free amino
groups on the surface; then,
amidation was used to
connect the poly-arginine and
the free amino groups, with
the use of carbodiimide as a
dehydrator.

The optimal molecular
weight of Poly arginine and
maintaining a wide pH
range could improve the
efficiency.

These nanomaterials could
keep up better recycling
stability and reach greater
harvesting efficiency after 5
regeneration cycles

[72]

Nanoparticles + PEI
(polyethylenimine)

Polyethylenimine (PEI) is
recognized for its greater
density of positive charge and
was utilized to coat the
surface of magnetite
nanoparticles to get the
cationic charge on the
Fe304-PEI nanocomposites

Proper nano-composite
dosage, suitable pH range,
and time duration could
help in improving the
efficiency.

Harvesting efficiency was
positively correlated with
temperature and negatively
correlated with pH here.

[73] and [74]

Nanoparticles + Magnetic iron oxide coated Highly positive branched [71]
Polyamidoamine separately using dendrimer PANAM dendrimer
(amino riched enhanced the adsorption.
polyamidoamine = PANAM), | It was positively correlated
and the amino acid was with the coating thickness.
compared for effective Efficiency improved when
harvesting of oleaginous pH was brought down to 4
Chlorella sp. from 8
Nanoparticles + Dosing the composite Dosing the composite [75]
Polyaluminium chloride | PACI/Fe3Oxs first, followed by | PACI/FesOxs first, followed
(PACI) + dosing PAM. by dosing PAM could
polyacrylamide (PAM) increase the efficiency.
Alkaline pH could be
beneficial.
Nanoparticles + chitosan | Harvesting procedure of Maintaining a proper pH [61]
oleaginous microalgae range (2-12) could increase
Chlorella sp. It was examined | the harvesting efficiency.
by utilizing chitosan—-Fe304
nanoparticle composites
Nanoparticles + Poly Magnetic graphene oxide Maintaining proper pH [69]

(diallyldimethylammoni
um chloride) (PDDA)

(GO) nanocomposite coated
using cationic polymer
PDDA (diallyldimethyl
ammonium chloride) was
used for harvesting
oleaginous microalgae
Chlorella sp.
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range (from 12 to 4)
because of the highly
positive charge and stable
property of graphene base
could increase the
efficiency.

Nanomaterials could keep
up high recycling stability
and attain greater
harvesting efficiency after 5
cycling times by utilizing a
raw/reactivated mixture
strategy,
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Coated and surface-
modified nanoparticles

Mode of synthesis

Findings

References

Nanoparticles + Fumed Flame-derived silica-coated Elevated pH and the [61]
silica particles magnetic particles were used | existence of di- and
in harvesting. trivalent ions improved
flocculation and increased
efficiency.
Nanoparticles + Plant Magnetic harvesting of Effective detachment [76]

Polyphenol (PP)

Chlorella vulgaris using
magnetic particles coated
with plant polyphenol (PP).
Polyphenol was chemically
altered with the use of
Mannich reaction,
subsequently using
quaternization to boost its
fondness to microalgae cells
and raise the potential for
polymerization

(96%recovery) of the
magnetic particles from the
cell aggregates was
achieved by ultrasounds
application

Magnetic separation was recorded almost forty years ago as a simple method for algae
removal. During microalgae harvesting processes, it is able to attain more than 90 percent of
cell recovery in not more than 5 minutes. Magnetic harvesting combines flocculation and
magnetic separation in a single method, providing benefits like rapid, quick, energy-efficient,
and lesser cost. Furthermore, the external magnetic field allows the concentration of
magnetically transformed cells into a compact slurry and the removal in a lesser time higher
quantity of bulk liquid. In magnetic algae harvesting, both naked and surface-modified
magnetic nanoparticles have better efficiency, but their cost-efficiency in commercial
application requires additional research to determine their practical feasibility [75].

2.5. Processing of algae.

Numerous methods have been used in the processing of micro-algae, and they vary in
their efficiency and some frequently used methods are listed in Table 8 with their pros and

cons.

Table 8. Advantages, drawbacks, and cost involvement of various methods of processing of micro-algae [77-

Method

Advantages

Drawbacks

Cost involvement

Expeller Press

No solvent is required.
Easy operation.

Mechanical methods are
energy-intensive.

High cost

Bead-beating /mill

No solvent
required

Mechanical methods are
energy-intensive.

Cost-effective

Pressurized solvent
extraction

Solvent use is relatively
inexpensive

Energy-intensive
(distillation is needed for

the solvents).
The solvent may be toxic

the extraction of lipid from

High cost due to the
cumulative expenses
incurred by the use of
solvent and pressurized
nitrogen

Soxhlet extraction

Solvent use is relatively
inexpensive

Time-consuming and not
suitable for large scale.

High cost

Ultrasonic extraction

Minimize the chemical

conversion time by up to 90%.

Eco friendly.

Can replace the solvents with

GRAS solvents

https://biointerfaceresearch.com/

The solvent is needed to
improve the recovery of
lipid.

The decline of power with
time.

ultra-sound energy.

No uniform distribution of

Initial investment and
maintenance costs high
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Method

Advantages

Drawbacks

Cost involvement

Osmotic shock

No costly steps and
requirement of solvents like
other methods.

Longer duration of
treatment time.

Low-cost method

Supercritical fluid
extraction

Usage of less toxic solvents for
the extraction.

Suitable for thermo-labile
compounds.

Environmentally friendly.

Greater power consumption
and complications in
scaling up.

High capital investment.
No polar substances are
extracted.

High cost

Microwave-assisted

Reduced solvent usage.

High capital cost

initial investment and

extraction Higher extraction rate and maintenance costs high
yield.
Pyrolysis Cost-effective. Highly viscid, harsh, and no | Low-cost method

Ease of storage, transport, and
preparation of bio-fuels by
upgrading the bio-oil.

thermal stability.

It shows low calorific
values resemblance to the
reactant oil as it has
predominant oxygenated
molecules.

Catalyst deactivation will
occur.

Direct Bio photolysis

Direct production of hydrogen
from water and sunlight.

It needs high intensity of
light, low photochemical
efficiency, and Oz is
inhibitory.

Economically feasible.

Indirect bio photolysis

Blue-green algae can produce
hydrogen from water and able
to fix N2 from the atmosphere.

Removal of uptake
hydrogenates is needed

Economically feasible.

Enzyme-Assisted
Extraction

It is an environmentally
friendly and nontoxic process.
High yield.

Comparatively low-cost
process due to the use of food-
grade enzymes.

It is troubled by the lipid
class composition and type
of microalgae.

It needs operation at
reduced temperatures with
high specificity/selectivity
for better efficiency.

Cost intensive.

High cost

Pulsed Electric Field-
Assisted Extraction

High efficiency.
Less energy requirement.

2.5.1. Bead beating /milling.

Initial investment and
maintenance costs are high

Initial investment and
maintenance costs are
greater, but can be
operated at comparatively
lower costs

A mechanical cell disruption method is bead beating (also ball milling), which
vigorously grinds cell suspension together with solid beads. A tubular vessel made of metal or
thick glass consists of cellular suspension along with small metal or glass balls constitutes a
ball mill. The balls roll in the opposite route to the vessel's rotating route by spinning around
their axis. Because of the different rolling and falling balls, the cell disturbance occurs as an
outcome of the grinding motion at elevated speeds. Chlorella vulgaris cells, Scenedesmus
obliquus cells, and Spirulina sp. have been interrupted with the usage of ball mill. The energy
supply required to damage the cells relies largely on the cell wall thickness and concentration.
When the concentration is higher and cell debris can be readily isolated, cell disruption is most

effective [79].
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2.5.2.Expeller method.

Pressing/Expeller press requires the submission to high-pressure of the micro-algal
biomass, which destroys cell walls and releases oil. Friction causes it to heat up as the raw
material is pressed; in certain cases, the temperatures can reach 120°F in this method. As
different algae strains vary highly in their physical features, several press configurations
(screw, expeller, piston, etc., are best fit for particular types of algae. Sometimes in conjunction
with chemical solvents, mechanical pressing is used. Many commercial vegetable oil
manufacturers use a mixture of mechanical pressing and chemical solvents in extracting oil.
Although easy compared to solvent extraction, pressing can be very energy demanding and
shows lesser extraction efficiency (between 70-75% of oils from microalgae) [79].

2.5.3. Pulsed Electric Field-Assisted Extraction

Pulsed electrical fields (PEFs) may be utilized to accelerate mass transfer procedures
by damaging cell membranes. The application of field strength of 0.5-1.0 kV/cm and treatment
times of 100-10,000 ps or field strength of 1-10 kV/cm and shorter times (5-100 ps) determines
a mild PEF treatment. Reversible or irreversible pores are formed in the membranes, relying
on the strength, amplitude, time span, number, and frequency of repetition of external electrical
pulses. In extracting bioactive compounds from biological matrices, the formation of
irreversible pores is of vital importance [82]. For the reduction of natural resources, electrical
field intensity treatments of 0.7 to 3 kV/cm, specific energy of 1-20 kJ/kg, a few hundred
pulses, and a full-time span of less than 1s are usually used (15-20 kV/cm and specific energy
of 40-1000 kJ/kg) [83].

2.5.4. Ultrasound-assisted extraction (UAE).

The ultrasound-assisted extraction utilizes ultrasonic waves at frequencies between 20
kHz and 100 kHz. These waves trigger bubbles and high- and low-pressure zones to be formed.
As bubbles burst, cavitation occurs in the powerful ultrasonic field. The implosive breakdown,
cavitation, and near-liquid-solid interfaces trigger particle damage, indicating enhanced mass
transfer and releasing bioactive compounds from the biological matrix [84].

Ultrasonic baths (indirect sonification) or ultrasonic probes (direct sonification) can be
used as devices. Controlling parameters s and the way the ultrasound waves impact the sample
are the variations between these two. Ultrasonic baths operate at 40-50 kHz frequencies and
50-500 W power, but ultrasonic probes can only function at 20 kHz frequencies. The samples
are submerged in the ultrasonic bath while the ultrasonic probe is embedded [85].

Equipment costs are lesser than other alternative reduction methods, and it is possible
to use a wide range of solvents. The UAE works at low temperatures, enabling the protection
of thermolabile compounds and preventing the structure from being fully destroyed. Low
solvent quantities are used, and extraction working time is minimized, which makes this
process an easy, cost-effective process compared to conventional processes [84].

2.5.5.Solvent extraction.

Solvent extraction has become an ideal form of oil extraction due to its greater
percentage of oil recovery. In the past, solvent extraction processes have been used to properly
remove lipid from green algae collected from the open pond system and recover almost all oils,

leaving just 0.5% to 0.7% of residual oil behind. The use of organic lipid extraction solvents
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requires energy-consuming distillation after extraction to isolate lipid from solvents after
extraction [86].

Non-polar solvents named hexane, benzene, toluene, diethyl ether, chloroform, and
polar solvents named methanol, acetone, ethyl acetate, and ethanol are used to extract lipids
from algal biomass. Non-polar solvents disrupt the hydrophobic interactions among non-polar
and neutral lipids present in the biomass of algae. The solvents often used to recover lipid from
microalgae biomass are n-hexane, ethanol, 1-butanol, dimethyl ether, and mixtures of
chloroform/methanol,  n-hexane/ethanol  n-hexane/isopropanol, = n-hexane/2-propanol,
methanol/1-ethyl-3-methylimidazol ~ methyl sulfate, methylene  chloride/methanol,
dichloroethane/methanol, dichloroethane/ethanol and acetone/dichloromethane [86]. Some
studies have used various methods for lipid extraction from the dry biomass of Chlorella
pyrenoidosa, named as Soxhlet extraction, magnetic stirring, and ultrasonic bath with five
solvent systems, including chloroform and methanol mixtures (2:1 v/v), methanol, chloroform,
ethanol, and hexane. They stated that the chloroform/methanol mixture used as a solvent for
extraction yields more microalgae lipids than other solvents [79].

2.5.6. Supercritical fluid extraction.

For the extraction of essential oils from plants and also for lipid extraction from
microalgae, supercritical fluid extraction has been applied. This extraction method is based on
the concept of fluid extraction under supercritical conditions, with the properties of both liquids
and gases increasing the temperature and pressure above their critical point. The fluid density
is comparable to the values used for liquids, whereas the fluid's viscosity is identical to the gas
value. Because of its nontoxicity, safety, and reduced cost, carbon dioxide (COz) is the most
used solvent for this process. Because of the low viscosity and greater diffusion coefficient, the
main benefit of supercritical fluid is higher mass transfer. Supercritical CO2 can only remove
non-polar or low polarity compounds as it is a non-polar solvent, but by putting very little
quantities of polar co-solvents, including ethanol or methanol, the extraction of polar
compounds can be improved [84].

The solubility and selectivity of the several components in the supercritical fluid are
responsible for circumstances throughout the extraction, particularly pressure and temperature.
CO:2 has a reduced critical temperature and pressure, which ensures that bioactive compounds
are retained. There can be no degrading changes. The extracts obtained with Super critical-
CO2 typically contain compound groups including fatty acids and phytosterols tocopherols,
phenols, carotenoids, and triglycerides [84]. However, the energy-intensive nature of the
process challenges the economic development of biofuels from microalgae through
supercritical processing.

2.5.7. Pyrolysis.

Pyrolysis includes the direct thermal decomposition of biomass at extreme temperatures
(400°C — 1000°C) when there is no catalyst and oxygen to create bio-oil in solids (char and
coke), liquids (bio-oil), or gaseous fuels (methane and higher gaseous hydrocarbons) with a
minimal oxygen supply. Two forms of pyrolysis are documented in the literature: slow (lesser
operating temperature and longer duration) and rapid pyrolysis (greater operating temperature
and shorter duration) [77]. The substance developed through the technique of pyrolysis is called
bio-oil. In comparison to rapid pyrolysis, slow pyrolysis occasionally leads to low levels of
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bio-oil. The pyrolysis conducted at higher temperatures lacks the basic efficiency of the
materials. Different results were provided by the different strains of algae, and the temperature

during which pyrolysis was conducted also contributed a lot (Table 9).

Table 9. Characteristics and yield of bio-oil from the pyrolysis of micro-algae.

Micro-algae Catalyst Characteristics of bio-oil Yield of bio-oil (wt %.) References

Chlorella protothecoides | - Free carbon emission fuel 31.17% at 450°C. [77]
production

Dunaliella tertiolecta - Higher proportions of ester | 36.9% at 360 °C. [87]
and was eco- friendly

Cyanobacteria MgAl- It consists of fewer nitrogen | 41.1% at 550 °C. [88]

LDO/ZSM-5 compounds and a low O/C

molar ratio

Chlorella vulgaris - Consists of aromatic 47.7% at 550 °C. [89]
compounds, fatty acids, and
carbohydrates

Chlamydomanas B zeolite High hydrocarbon content. 43.5 % and 43.8 % at [90]

debaryana 600 °C and 800 °C.

Spirulina plantesis - Low trace of Sulphur of 0.4 | 18.65 % [91]
wt%.

Chlorella vulgaris Ni/Zeolite Good concentration of [77]

(Si/Al = 30) aromatic hydrocarbons. -—-

Low oxygen content and
less acidic compounds

Nannochloropsis oculata | Co-Mo/gAl203 | Long-chain alkanes, [92]
alkenes, and polyaromatic
compounds are found

Saccharina Japonica - High aromatic content 47% [77]

Duanliella Salina - abundant in alkanes, 55.4 % at 500 °C. [93]
alkynes, and esters

Nannochloropsis sp. HZSM-5 low oxygen and high 19.5% [77]
aromatics

Tetraselmis sp. - - 25 % at 550°C [94]

U. prolifera HY Long-chain nitrogen 41.3% [95]
compounds were present

Isochrysis sp. Li-LSX Zeolite | High in carbon, hydrogen, [96]
and the low trace of oxygen

Saccharina japonica HZSM-5 Greater aromatic content 39.05% [97]
than aliphatics

Spirulina (Arthrospira) Fe/HMSZSM-5 | Abundant in hydrocarbons. | 37.77% [98]

plantensis

Cryptococcus curvatus K2CO03 Lesser content of Sulphur [99]
and nitrogen

2.5.8. Microwave-sssisted extraction (MAE).

Microwave-Assisted Extraction is contingent on ionic conduction and dipole rotation
that work directly and occur simultaneously on the molecules. Microwave heating allows
molecules to consume energy where no heat is lost to the atmosphere. The disruption of cells
is unavoidable because of the absorption of energy by polar molecules. Destroyed cells allow
faster solid mass transfer and diffusion, whereby mass and heat transmission function
therapeutically and in a similar direction [100].

In open or closed vessels, MAE can be done. Open ships operate at ambient pressure,
while closed ships operate at higher than atmospheric pressure. Open vessels can be more
efficient, cleaner, and it is possible to handle huge samples caused by atmospheric pressure
operation. Even for thermolabile compounds, process conditions are sufficient. An advantage
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of MAE is that due to the lesser time span and quantity of solvent, this process is economical
and ecologically friendly [84].

2.5.9. Enzyme-assisted extraction.

Food-grade digestive enzymes, including proteases and carbohydrates, can be utilized
to disrupt the cell walls of natural matrice and release the cell contents by the maceration
process [101]. This is especially essential for marine algae because chemically complex and
heterogeneous biomolecules make up cell walls and cuticles [102]. Relevant parameters to be
considered are pH, the proportion of substrate to enzyme, temperature, the form of solvent
(water or buffer with sufficient pH), and agitation [83].

2.5.10. Bio-photolysis-direct process.

Bio-photolysis is called the act of light on a biological system, leading to the decoupling
of a substrate, generally, water, to generate hydrogen. Direct bio-photolysis of Hz production
is a biological protocol that utilizes solar energy and photosynthetic algae systems to transform
water into chemical energy. However, direct bio photolysis gives a functioning system for
hydrogen generation from water and sunlight resources, although limited by its relatively low
hydrogen productivity. The creation of knowledge and technological advances in the field of
hydrogen enzymes is therefore important. Electron carriers that would move to a photolysis
system for bio-mimetic water prevent the inherent incompatibility of the parallel evolution of
hydrogen and oxygen and sunder water into gas streams [78].

2.5.11. Bio-photolysis-indirect process.

Those integrating distinct stages of micro-algal photosynthesis and fermentation
(indirect bio-photolysis) are the most effective approaches for future applied research work and
growth. These include the fixation of CO2 in storage carbohydrates (e.g., green algae starch,
cyanobacteria glycogen), accompanied by their transition to Hz by reversible hydrogenase, both
in dark and possibly light-driven conditions. In indirect bio-photolysis, the issue of the
sensitivity of the Hz process to Oz is normally enforced by sundering Oz and Hz [80].

In the ideal indirect bio photolysis, hydrogen is emitted as shown below:

12H,0 + 6C0, — C4H1,04 + 60,
CeHy206 + 12H,0 - 12H, + 6CO,

Based on a prefatory engineering and economic evaluation, bio photolysis procedures
must attain adjacent to 10% of total solar energy conversion efficiency in order to compete
with alternative renewable Hz sources, including photovoltaic electrolysis processes. These
greater solar conversion efficiencies in photosynthetic CO: fixation could be achieved by
genetically minimizing the usage of light chlorophyll and other pigments harvested in
microalgae. Microalgae processes powered by solar energy for biohydrogen production are
theoretically huge-scale, but often require long time scale and economically high-risk processes
[81].

2.6. Algae-based fuel.

Currently, global warming and depletion of biofuels have taken the world to consider
the development of bioenergy from algal biomass. Increased access and energy protection are
also crucial plans to minimize poverty. The only solution currently available to substitute the
https://biointerfaceresearch.com/ 3868
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use and reliance on fossil fuels is developing biofuels from algae biomass. Micro-algal biomass
can be utilized in developing diversified biofuels such as bio-oil, bio-methane, bio-hydrogen,
bio-gas, bio-ethanol, and biodiesel.

2.6.1. Bio-Oil.

Thermo-chemical conversion is a process that produces bio-oil by transforming
biomass into oil and carbon, and gas at very increased temperatures in the absence of oxygen.
Bio-oils are somewnhat related to petroleum oils, but they can be utilized as a supplement for
them. Pyrolysis and thermos chemical liquefaction are the 2 major types of machinery for the
production of bio-oil. Different varieties of organic composites are accumulated as lipids,
proteins, and carbohydrates in bio-oil, and as contrasted to algae lipids, the yield is large. Bio-
oil yields from microalgae have been recorded up to 41% for Spirulina, about 24%-45% for
microalgae Scenedesmus, about 37% for Dunaliella, and up to 49% for Desmodesmus [103].

2.6.2. Bio-hydrogen.

An urgent energy problem has been the diversity of biofuel sources. A great deal of
emphasis has been put on bio-hydrogen production in recent years. However, due to the
expensive process and low biomass concentration, large-scale development of bio-hydrogen is
not yet workable. It has been documented in some studies that revealing certain types of algae
to multiple ecological pressures, including depriving algae of light, may cause considerable
quantities of hydrogen gas. But this technology is only at its inception, and it is possible to
evolve or upgrade the method to a higher standard [104].

The three routes indicated for hydrogen production are 1. direct photolysis 2. Indirect
photolysis 3. ATP-driven pathway. Direct photolysis is only possible when the hydrogen and
oxygen produced are uninterruptedly extracted. Here, photosynthesis and water splitting are
related, resulting in the development of hydrogen and oxygen simultaneously, leading to
greater safety risks and raising the hydrogen and oxygen separation cost. In addition, the
hydrogenase enzyme used in the procedure is strongly sensitized to oxygen. Indirect
mechanisms are also preferred for these purposes. In anaerobic and sulfur-limited
environments, the starch present in the algae cell walls is transformed to hydrogen up to a
certain degree. Cyanobacteria have been the key producers of biohydrogen by biological
approach in most studies; hydrogenase and nitrogenase enzymes behave as catalysts in this
procedure [103].

The single-cell green algae Chlamydomonas reinhardtii has been deeply researched for
its photo-biological hydrogen production [8]. Knowing how biomass is transformed to
hydrogen gas would provide chances to minimize the environmental effect of petroleum-based
fuels. In order to evaluate the output of hydrogen from algae, some scientists conducted a
species-selective assessment using ambient pressure microwave plasma reactor and
microwave-assisted pyrolysis at different operating temperatures and utilized this knowledge
to generate hydrogen development technologies [103]. In order to encourage the development
of hydrogen through photosynthesis in green algal cells, Some research groups created two
new systems in C. reinhardtii and C. pyrenoidosa, a bisulfite addition system [106-107] and a
cell aggregation system [108], which provided viable strategies to increase the production of
hydrogen photo-production from H20 using green algae.
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2.6.3. Biogas.

Compared with terrestrial crops, micro-algal biomass develops a suitable alternate
origin of biogas. However, the use of algae for biogas production is associated with numerous
difficulties [109]. The efficiency of biogas production has improved when algae are combined
with conventional feedstocks [110]. Glucose and glycine derived from algae have been exposed
to thermochemical treatment under neutral, acidic, and alkaline conditions to establish their
decomposition mode and their future usage in the concurrent fermentation of bio-hydrogen and
bio-methane [103].

High ECE was reached via the second part of untreated glucose/glycine bio-methane
fermentation, but this procedure was completely suppressed by acid or alkaline treatment,
recommending that an enhanced pre-treatment approach must be established to prevent the
deprivation of fermentable components and to reach increased ECE levels [111].

A two-stage continuous co-production strategy for fermentative hydrogen and methane
was produced using a 20 C/N ratio of macroalgae (Laminaria digitata) and microalgae
(Arthrospira platensis), which provided improved power recovery and higher operating
stability than single-stage anaerobic co-digestion of algal combinations [112]. An
interconnected framework method incorporating freshwater microalgae cultivation S. Obliquus
has been used to evaluate problems such as CO:z sequestration, wastewater treatment, and
biogas processing for biogas generation with the treatment of piggery anaerobic digestate liquid
[113]. In combination with environmental bioremediation, water-blooming cyanobacteria can
be utilized for biogas processing as well. During methanogenesis, the concentration of
microcystin decreases significantly, indicating that anaerobic digestion of cyanobacteria could
develop biogas from renewable energy while biodegrading microcystin [103].

For example, as both a fuel and a chemical feedstock, methane is commonly used.
Researchers explored the potential for bio-methane production of various feedstock, including
algae, wood, grass, solid waste, and algae biomass have been proposed as a possible source for
bio-methane production. The productivity of biomass algae is usually higher than that of
ground plants, but its growth is altered by various nutrient constraints [103].

2.6.4. Bioethanol.

Bioethanol production from algae has obtained significant value because of its greater
biomass productivity, diversity, diverse chemical composition, and increased photosynthetic
rates of these species. Algae are the optimal source of bioethanol development because of the
abundance of carbohydrates/polysaccharides and thin cellulose walls [114].

Most of the micro-algae carbohydrates are polysaccharides, like starch and cellulose.
In the complex multi-layered cell walls of microalgae, high levels of polysaccharides can
accumulate, allowing them a favored raw material for the production of bioethanol for
fermentation [109].

Researchers investigated the ability of Chlorococcum littorale marine green algae to
develop ethanol under dark fermentation, and within 24 hours, approximately 27 percent of
starch found in algal cells was used at 25°C and also assessed the potential of the feedstock of
algal biomass to generate bioethanol and to facilitate its use as a renewable biofuel to provide
a convenient alternative. Dunaliella, Chlorella, Chlamydomonas, Arthrospira, Sargassum,
Spirulina, Gracilaria, Prymnesium parvum, Euglena gracilis, and Scenedesmus are examples
of green algae engaged for bioethanol. Yoza and Masutani have studied that up to 49 percent
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of sugars from algal biomass can be released by acid pre-treatment, while enzymatic hydrolysis
can discharge up to 20 percent of sugars contingent on their dry weight. Ethanol yields for Ulva
lactuca were decreased even after sugar release after hydrothermal pre-treatment, but
mechanical pressing increased the yield to 0.14 gg-1 dry matter due to the removal of inhibitors
produced during fermentation [114-115].

Brown algae are known as a significant feedstock for the development of ethanol among
all algae (brown-green, red algae). Because of their greater carbohydrate content and simplicity
of cultivation, they can be transformed into ethanol via fermentation. Laminaria hyperborean
generates yeast-fermented laminarin and mannitol to create a significant amount of ethanol.
Red algae fermentation has also been documented to have been converted into sugars using
acid hydrolysis agar, but ethanol yields were poor at the maximum theoretical yield of up to
45%. Depending on the algae genera and various methods for pre-treatment and hydrolysis, the
fermentation of seaweed yields ethanol between 0.08 and 0.12 kg.kg™ dry seaweed [114].
Scientists have realized from their studies that the processing of brown seaweed ethanol
demands high ethanol yields for the industrial process and the use of all seaweed additives for
non-fuel products. Bioethanol is industrially utilized in 86% of cars sold in Brazil as ethanol
or as a combination of ethanol and petroleum. But there are still many bioethanol drawbacks
named low vapor pressure, lesser energy density, and lesser luminosity of the flame [103].

Before processing bioethanol, most micro-algal biomass requires enzymatic hydrolysis.
Algal bioethanol overcomes the main disadvantages of first-generation (from food crops
including maize [Zea mays], rice or sugarcane) and second-generation (from lignocellulosic
feedstock) bioethanol [116]. Under suitable culture conditions, several algae organisms
generate greater quantities of ethanol if the substrates can be fermented [117-118].

2.6.5. Biodiesel.

The production cost of biodiesel contingent largely on the type of raw material used as
50-85% of the overall fuel price is a major consideration. Evaluation of feedstock is essential
for the development of cost-effective biodiesel in terms of efficiency, quality, and utilization
of by-products that should be taken into account. Transesterification is called the method of
converting raw material lipids, basically, triacylglycerols/free fatty acids, into non-toxic and
environmentally friendly biodiesel. In the form of fatty acid alkyl esters, crude algal oil of high
viscosity is transformed into lower molecular weight components. During the
transesterification process in the presence of a catalyst, crude oil reacts with alcohol; ideally,
methanol and methyl esters of fatty acid (FAME) are generated along with glycerol as the final
product. Acid catalyst application has been considered beneficial, but alkali catalyst is
commercially used up to 400 times compared to acid catalyst due to its rapid existence.
Chlorella vulgaris and Chlorella protothecoides are two significant species; they consist of
greater oil content have been investigated by several workers for the development of biodiesel
[114].

Microalgal biodiesel consists predominantly of unsaturated fatty acids. A mixture of
different algae is found in the algal biomass from wastewater, and several fatty acid profiles
can therefore be generated. Biodiesel from the algae Chlorella sp., Euglena sp., Spirogyra sp.,
Scenedesmus sp., Desmodesmus sp., Pseudokirchneriella sp., Phormidium sp. and Nitzschia
sp. were developed by Bjerk using a collection of different systems [103]. Throughout
cultivation, micro-algal growth and lipid accumulation do not relate, which can hinder the
overall productivity of lipids. Regulation of both biomass and lipid content is essential for the
https://biointerfaceresearch.com/ 3871
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economic practicability of micro-algal-based biofuel development. Another major challenge in
biofuel development is developing successful methods for extracting micro-algal biomass from
the culture broth. In order to further reduce the cost of microalgae harvesting and the production
of biodiesel, researchers have concentrated on micro-algae harvesting technologies, including
magnetic separation technology, pH-induced flocculation, and ultrafiltration [103].

In addition to the production of biofuels, microalgae seem to be a prospective renewable
source that could be utilized for various industrial applications, including cosmetics,
pharmaceuticals, aquaculture, animal feed, bio-fertilizer, human food, etc. [119]. Micro-algae
are also a very good source of natural products which are responsible for various bio-activities.

2.6.6. Biofuel applications.

Table 10 summarises the most suitable scenarios for the bio-fuels to be adopted under
the current scenarios. The information delineates that the application of each type of bio-fuel
has some distinct differences from the rest.

Table 10. Biofuels and best-suited scenarios for them to be used.

Bio-fuels Best suited scenarios References
Bio-oil Used in blast furnace [120]
Used for on-site and off-site power production
Used as a soil amendment
Bio-hydrogen As fuel in vehicles for transportation [121]
E.g., Hydrogen-powered cars
Used in combustion engines
Biogas Used as alternative fuels in vehicles and power production
Used as fuel in fuel cell technologies including polymer [122] and [123]
electrolyte membrane fuel cell (PEMFC), phosphoric acid fuel
cell (PAFC), alkaline fuel cell (AFC), solid oxide fuel cells
(SOFC), molten carbonate fuel cell (MCFC) and direct methanol
fuel cell (DMFC).

Bioethanol Used in advanced compression ignition engines, including dual- [124]
fuel combustion and RCCI engine
Biodiesel Used in Automotive diesel engines [125-127]

Used as a heat generator
Utilized in railway usage and aircraft usage

2.7. Recommendations for future developments.

Compared to other general biomass, the microorganism can generate higher biofuel
amounts [128]. Importantly, algae are a great bonus for the community for the production of
various biofuels. Algal oil is unfit for human consumption and thus does not have to react to
disputes regarding food affordability. Greater lipids/fatty acids present in algae allow it to turn
them into biofuel successfully [77]. Potentially, micro-algal lipids can be transformed into
biofuels, whereas micro-algal biomass can be used to generate useful products, including
carbohydrates, polyunsaturated fatty acids, and proteins, and all can be polished for a range of
applications. Microalgae is indeed an invaluable pillar of biofuels and bio-based chemical
products [2].

As a renewable and carbon-neutral source of transport fuel, algal biofuels remain in
their possession. Different possibilities of environmentally friendly and replicable micro-algal
processes as biofuels have been demonstrated, but major changes are needed in production's
economics and power necessities. Improvements can be accomplished only by increasing
efficiency, reducing costs, meeting energy demand, and applying the bio-refinery principle
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(production of algal co-products) [114]. The overall aim of this present work can be
accomplished by integrating both biological and engineering frameworks.

The big issues that are actually being tackled are [2, 114]:

e Boosting production in huge scale outdoor site cultures.

e Ensuring the quality of algal cultures by preventing spoilage by predators and other
algal organisms.

e Regulation of temperature changes and minimize water loss due to evaporation while
controlling the supply of light and CO:a.

e Implementing reliable and cost-effective models to overcome high implementation and
operating expenses.

e Strengthening resource efficiency and increasing productivity in the bio-refinery
method, thus generating useful co-products.

e Reducing ecological impact via the recycling of water, energy, and nutrients

Various strategies could help in overcoming the challenges in the process of developing
biofuels from micro-algal bio-mass.

e Choosing microalgae/cyanobacteria strains depending on the required products that can
withstand temperature stress and thrive easily in the medium.

e Choosing optimal conditions can boost the effectiveness of the desired commodity, and
using an effective and economically sustainable microalgae cultivation method can
increase the performance of biomass.

e Creation of a highly effective and low-cost downstream process that can dramatically
minimize operating costs.

e The use of combined processes and techniques for the extraction of value-added
products is a mixture of new techniques that can help handle the conflicts mentioned
above [2].

In order to boost energy quality and efficiency, more research effects need to be
oriented towards the integration of upstream and downstream biomass slurry operations. By
changing the parameters and process requirements for the recycling of nutrients, nutrient
deficiencies can be remedied. The possibility to recycle nutrients can be one of the major
advantages of microalgae farming over traditional algae farming if technical problems to the
recycling of algae nutrients can be managed. Therefore, it is essential to establish an efficient
and sustainable treatment system that can recycle nutrients from biofuel algae residues to be
used in the growth of algae [10].

In addition, it is important to improve the performance of algal seeds so that algal cells
gather a greater quantity of organic matter, which can be used for the preparation of biofuels
and establish methods for collecting algae effectively and inexpensively, and to diminish
energy consumption during the preparation process of biofuels. The concept of a synthetic "cell
factory” comprising photosynthetic microalgae via synthetic biology technologies is likely to
be an important move toward the industrialization of micro-algae biofuels. Intensive research
efforts should also work towards making major advances in the following areas [103]:

e Breeding technologies that are suitable for cost effective production utilizing good
quality germplasm resources especially, algal seeds with greater lipid content and
strong resistance to stress.

¢ High-scale culture techniques, including high-density micro algal culture and effective
lipid processing, facilitated by external cues, synthetic biology, and metabolic
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engineering to stimulate the supply of micro algal energy materials and to get high

performance.

e Primary algal processing and medium recovery technologies. In specific waste
materials, including waste-water and waste gas, could be recycled in order to reduce
costs. Micro-algal biofuels that generate higher value-added products could also be
produced.

Microalgae genetic engineering is at the beginning stages of producing robust
microalgal strains to increase the economic viability of algal processes. The biotechnological
tactic to engineer micro-algal strains to enhance the performance has been encouraged by the
developments in high-throughput technologies and molecular biology methods. Future
research should concentrate on producing purpose-based, robust bioengineered strains with
increased photosynthetic efficiency, increased COz2 fixation, and greater biomass productivty.
While genetic engineering of microalgae has the boundless capacity to develop the economics
of the process, it is restricted primarily because of the lack of genetic knowledge available for
robust and commercially suitable strains. In recent years, prompt developments in DNA
synthesis, tools and approaches for genetic manipulation, and the availability of functional
genomes have increased the probabilities of superior engineering of composite functional
microalgae. However, the lack of the principles of genetic strain design is still limiting the
advancement in this field [129].

In separate processes or as a by-product of biofuel generation, a wide range of non-fuel
products can be developed with microalgae. Health and medical supplements [130-132],
Fucoxanthin [133-135], anti-cancer drugs [136-138], various lipids [139-141], fertilizers [17,
142-143] are few of them. In evaluating the biofuel potential of microalgae, it is essential to
assess these other products as either a completing factor, if they are a by-product of biofuel
generation, or a competing factor if they are completely different processes. Comparing the
cost-time benefits of biofuel extraction of microalgae vs. other microalgae-based products will
make the final decision on the investment of microalgae-based biofuel industry in a given
country.

3. Conclusions

Microalgae applications on a wide scale cannot be contemplated unless their biomass
yield is boosted or combined with other technologies. Microalgae provide favorable properties
to recommend them as substitute feedstock for numerous bio-refinery applications. However,
the drawbacks of microalgae productivity and the disadvantages of bioprocessing technologies
make it impractical for microalgae biomass to be completely exploited. In the field of
processing algae into perfect power, the challenges are very enthralling. Algal biofuel works
miracles in engines, yet a thorough review of the fuel compatibility requirements is necessary.
After all, we still have a long way to go to make algal biofuel an option instead of fossil fuel
that is commercially viable [144]. While many micro-algal products have been marketed, most
of them are in the industrialization phase, and only a few pilot studies have been carried out. A
wide-scale preparatory system for micro-algal energy still needs to be defined. Detailed
research efforts should emphasize advancements in microalgae breeding, large-scale
cultivation, effective selection of algae, and medium recovery, particularly, reducing the cost
of producing microalgal biofuels. Work is needed to build up current technologies further, and
comprehensive investigation is necessary to assess the potential of microalgae as a successful

biotechnology feedstock. For instance, to accelerate microalgae's productivity, more advanced
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cultivation techniques need to be developed, and advanced biotechnology, including gene
editing, can be tried to raise the development of bioactive compounds from the strains of
microalgae. Techno-economic evaluation and life-cycle assessment studies should also be
conducted to verify co-processing models' economic viability and environmental sustainability.
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