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ABSTRACT

Microalgae have garnered significant attention as a promising source
for biodiesel production due to their rapid growth, high lipid content,
and minimal resource requirements. This study delves into the forefront
of microalgal biofuel research by investigating emerging co-cultivation
strategies aimed at optimizing biomass production for biodiesel
synthesis. Through a nuanced exploration of diverse microalgal strains,
this work pioneers innovative co-cultivation techniques designed to
enhance synergies between different species, thus maximizing overall
productivity. Microalgae are excellent options for the production of
biodiesel since they have high lipid content and grow quickly.
Nonetheless, difficulties in maximizing lipid and biomass production
have led the technological advancement microalgal productivity using
photobioreactors, closed systems and monitoring and genetic
Engineering The article delves into the impact of Co-cultivation on
microalgal growth such as improved Biomass production, enhanced
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Microalgal Co-cultivation techniques offer a route toward the economically and
Co-Cultivation environmentally feasible production of microalgal biodiesel by
Biomass integrating various microorganisms and customizing the cultivation

. . environment. This aids in the shift toward a future with more renewable
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energy sources and less environmental impact.
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= &~

Introduction

The most promising and ecologically benign
alternative among the competitors is microalgal
biodiesel. Due to their high lipid content,
adaptability to a wide range of conditions, and
quick growth, microalgae are highly valued. In
the 1970s and 1980s, pioneering studies focused
on identifying suitable microalgal strains and
optimizing cultivation techniques.
early research faced challenges related to
economic viability and scalability. During the
1990s and early 2000s, there was a notable shift
enhancing lipid productivity in
microalgae. Researchers aimed to identify and
genetically modify strains with higher lipid
accumulation, addressing one of the primary
limitations of microalgal biodiesel production.
Improved  understanding of  microalgal
physiology, lipid metabolism, and stress-induced
lipid production mechanisms contributed to
advancements in strain selection and genetic
engineering [1]. The 2010s marked a period of
intensified research efforts with a focus on
technological and  process

However,

toward

innovations

optimization. In recent years, researchers have
increasingly explored co-cultivation strategies as
a means to address challenges related to nutrient
utilization, competition, and environmental
stress. Studies on microalgal consortia and
symbiotic relationships have gained prominence,
offering insights into how co-cultivation can
enhance biomass productivity and lipid yields.
Microalgae biomass refers to the collective mass
of microalgae cells, which are microscopic,
photosynthetic organisms that convert sunlight
into energy through photosynthesis. Microalgae
are unicellular or simple multicellular algae that
can be found in various aquatic environments,
including freshwater and marine systems. They
play a crucial role in the ecosystem by producing
oxygen and serving as a primary food source for
various aquatic organisms. The biomass of
microalgae is of interest in various fields due to
its potential applications in biotechnology,
bioenergy, and environmental management [2].
Microalgae are rich in bioactive compounds,
including proteins, lipids, pigments, and
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carbohydrates. The biomass can be utilized in the
production of biofuels, nutraceuticals,
pharmaceuticals, and other high-value products.
Furthermore, microalgae are
promising feedstock for biofuel production, such
as biodiesel and bioethanol. The high lipid
content in certain microalgae species makes
particularly biofuel
applications and is known for their ability to
absorb and assimilate nutrients, heavy metals,
and pollutants from water. This makes them
useful in environmental remediation efforts, such
as wastewater treatment and nutrient recovery.
Some microalgae species are used as a
nutritional supplement in aquaculture and
animal feed industries. They provide essential
nutrients and enhance the nutritional profile of
the feed [3-4]. Biodiesel is a renewable and
cleaner-burning alternative to conventional
diesel fuel, typically produced from biological
sources such as vegetable oils, animal fats, or
recycled cooking oils. It is a type of biofuel that
can be used in diesel engines with little to no
modification. Biodiesel is typically produced
through a chemical process called
transesterification. In this process, triglycerides
(fats and oils) are reacted with an alcohol
(usually methanol or ethanol) in the presence of
a catalyst to produce biodiesel and glycerol. In
the pursuit of sustainable energy sources and
environmental conservation, microalgae have
emerged as a promising candidate for biofuel
production, specifically biodiesel. Microalgae
exhibit  high growth rates, efficient
photosynthetic capabilities, and the ability to
accumulate lipids, making them a valuable
feedstock for biodiesel. The study delves into the
realm of emerging co-cultivation strategies for
microalgal biomass and biodiesel production,

considered a

them suitable for

highlighting the potential breakthroughs and
advancements that could revolutionize the
bioenergy landscape [5]. The process of making
microalgal products involves numerous steps,

including the creation and cultivation of the

microalgal strains, the harvesting of the
microalgal biomass from the culture media, and
the subsequent thickening, dewatering, drying,
and extraction of the desired product [6]. Large-
scale energy usage and production costs of
microalgal-based products are significantly
impacted by efficient and economical harvesting
and drying techniques. Microalgal biomass is a
great source of triglycerides, vitamins, pigments,
and vital amino acids. It can be utilized on its
own or combined with other materials to provide
nutritious feed and food for aquaculture [7]. Co-
cultivation techniques can increase biomass and
lipid productivity, enabling the
commercialization of microalgal-based fuel [8].

Microalgae are eukaryotic, and
photosynthetic organisms that may be grown on
non-arable land, effectively absorb
dioxide, and recover nutrients from wastewater.
The co-cultivation of microalgae with other
microorganisms presents a viable approach to
augment biomass and lipid output, both of which
are important for the biodiesel manufacture [9-
10]. The co-cultivation of microalgae with other
microorganisms presents a viable approach to
augment biomass and lipid output, both of which
are important for the manufacture of biodiesel. In
co-cultivation, microalgae grow in symbiotic
relationships with other heterotrophic microbes
like fungi, bacteria, yeast, and other algae.
Through  this process, the microalgae
productivity is increased through the exchange of
[11].
Commercialization of microalgal-based fuel can
be aided by co-cultivating microalgae with other
microbes to increase biomass and lipid output
[12-14]. The aim of this study is to present a
thorough analysis of co-cultivation techniques
for the production of biodiesel and microalgal
The study is embedded in the
transformative paradigm it introduces to the
field of microalgal biofuel production. This
research
strategies

unicellular,

carbon

nutrients and metabolites

biomass.

explores innovative co-cultivation

that transcend conventional
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approaches, aiming to address critical challenges
and unlock new opportunities in the sustainable
production of microalgal biomass for biodiesel.
The unique aspects of this work lie in its

progressive methodologies, experimental

Inorganic Nutrients

Wastewater
(Domestic, Industrial, Agricultural)

Organic Matters (

designs, and outcomes, collectively contributing
to the advancement of knowledge and practices
in the
production.

realm of microalgal-based biofuel

Sunlight

¥

Microalgae culture

l Treated water

Harvest
Biomass

Biofuel
Carbohydrates
Animal Feed
Polymers
Nutrition

Fig. 1.Processes of Algal cultivation in wastewater [10]

The scope encompasses an overview of
microalgae, in the manufacturing of drugs, and
biofuels. An examination of the methods used to
with other
microorganisms, including fungi, bacteria, yeast,
and other algae, to increase biomass and lipid

productivity

co-cultivate microalgae

Microalgae as a source of biodiesel

A wide variety of microscopic photosynthetic
organisms known as microalgae have drawn a lot
of interest recently as a possible source of
biodiesel. Microalgae, in contrast to terrestrial
oilseed crops, have special qualities that make
them a great option for producing biodiesel in an
[15]. An
overview of the main factors driving the

environmentally friendly manner

increased interest in microalgae as a biodiesel
source is given in this section:

High lipid content

At over 50% of their dry weight, microalgae are
renowned for having extraordinarily high lipid
content. Triglycerides, the main raw material
used in the manufacturing of biodiesel, make up
the majority of these lipids. The lipid content of
microalgae is far higher than that of conventional
oilseed crops like soybeans and palm, which
makes them a desirable source for biofuel
feedstock [16].

Rapid growth

Microalgae grow quickly, often doubling their
biomass in a few hours. This fast growth rate
makes it possible to harvest them frequently and
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to cultivate them continuously, providing a
reliable and renewable source of feedstock for
the biodiesel production [17].

Versatile cultivation

Microalgae can be grown in a variety of
such  as open  ponds,
and wastewater treatment

environments,
photobioreactors,
facilities. They can also be grown on non-arable
land, which lessens competition with food crops.

Minimal land and water requirements

Microalgae can be grown on non-arable land and
do not need fresh water to grow. Some species
can even be grown using saline or wastewater,
which addresses concerns about the amount of
land and water used in the production of biofuel
[18].

Reduced carbon footprint

Microalgae-based biodiesel has the potential to
reduce greenhouse gas emissions. Large-scale
cultivation of microalgae can help mitigate
carbon emissions because they absorb carbon

dioxide  during photosynthesis.  Nutrient
Recycling: Microalgae can thrive on a variety of
nutrient sources, including nitrogen and

phosphorus. Their cultivation can serve a dual
purpose in wastewater treatment systems by
removing nutrients and producing biofuel
feedstock [19].

Biodiesel quality

Biodiesel made from microalgal lipids has
qualities that are on par with or even better than
traditional diesel fuels, and it satisfies the quality
requirements imposed for conventional biodiesel
(such as ASTM D6751) [20].

Versatility of biodiesel

Microalgal biodiesel does not require major
modifications to be used in current diesel
engines. It is regarded as a drop-in substitute for
fossil fuel diesel [21]. Microalgae are a viable and

ecologically friendly source of biodiesel due to

their high lipid content, quick development,
flexibility, and sustainability. However, to fully
realize the potential of microalgae in the
manufacture of biodiesel, a number of obstacles
need to be overcome, such as cost-effectiveness,
scalability, and culture process improvement.
This section lays the groundwork for a thorough
investigation of microalgal biodiesel,
emphasizing its enormous potential in the shift
to renewable and sustainable energy sources
[22].

Microalgal characteristics and lipid production
The high lipid accumulation capacity, rapid
growth rate, and high photosynthetic efficiency
of microalgae make them a promising source of
lipids for the generation of biodiesel. Under rare
circumstances, the lipid content of microalgae
can reach up to 80% of the dry weight of the cell
as shown in Fig. 1 [23]. Typically, it ranges from
20-50%. The two types of microalgal lipids that
are categorized based on their carbon number
are very-long-chain fatty acids (VLCFAs) and
long-chain fatty acids (LCFAs). Waxes, sterols,
hydrocarbons, glycerolipids, and other lipid-like
substances are produced by microalgae [24].
Microalgae create a lipid called glycerolipid,
which is the most prevalent and well-known
kind.

As lipids are essential for the construction of
cellular membranes and are produced by
microalgal cells, their synthesis of lipids go
beyond energy storage [25]. Microalgae's
biomass production and lipid accumulation are
regulated by both environmental factors and
nutrition availability. The amount and mode of
delivery of essential nutrients, like carbon or
nitrogen sources, have a major impact on cell
division and fat formation.

An effective way to raise the productivity of
microalgal lipid and lower the cost of producing
microalgal biofuels is to optimize environmental
parameters and regulate the environment to
improve the synthesis

of microalgal lipid.
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Environmental elements that can impact the lipid
production of microalgae include temperature,
light intensity, content,
concentration [26].

salt and iron

Co-Cultivation approaches

Mixotrophic cultivation

In the field of producing biodiesel and microalgal
biomass, mixotrophic cultivation is a promising
approach. Mixotrophy allows microalgae to
flourish in the presence of both organic carbon
sources and light energy, in contrast to standard
autotrophic farming, where microalgae only rely
on photosynthesis for energy and carbon
acquisition [27]. Mixotrophic cultivation is a co-
cultivation strategy used to produce biodiesel
and microalgal biomass. This method uses both
inorganic and organic carbon sources to promote
the growth of microalgae. Mixotrophic
cultivation has been demonstrated to boost
microalgae's biomass and lipid output, making it
a viable method for producing biodiesel [28].
Microalgae can effectively use carbon resources
in soil and water, which makes them an essential
component of the natural carbon cycle [29]. They
have the capacity to reduce CO; emissions and
yield highly productive oil, which makes them a
viable biodiesel source. The process of producing
biodiesel from microalgae involves recycling and
integrating carbon resources from the natural
world. This can help achieve the long-term
objectives of displacing petroleum use and
lowering environmental pollution, which will
make a substantial contribution to the global
effort to achieve carbon neutrality [30].
Mixotrophic cultivation has been demonstrated
to boost microalgae's biomass and lipid output,
making it a viable method for producing
biodiesel. This method uses both inorganic and
organic carbon sources to promote the growth of
microalgae. Compared to autotrophic cultivation,
mixotrophic farming can boost microalgae
biomass and lipid output by up to 50%.
Producing biodiesel and microalgal biomass

using mixotrophic cultivation is a potential
strategy.

It has been demonstrated to raise the lipid
productivity and biomass of microalgae, making
it a viable method for producing biodiesel.
Mixotrophic horticulture can play a major part in
the worldwide effort to achieve carbon neutrality
by helping to reduce environmental pollution
and eventually replace petroleum consumption
[31].

Heterotrophic cultivation

Another co-cultivation strategy for producing
microalgal
heterotrophic cultivation. With this method,
organic carbon sources are used to support the
growth of microalgae. Heterotrophic culture is a
viable method for producing biodiesel because it
has been demonstrated to boost the biomass and
lipid productivity of microalgae [32]. Microalgae
are a promising source of biodiesel since they can
produce oil with high productivity, reduce CO;
emissions, and effectively use carbon resources
found in soil and water. To produce biodiesel
from microalgae, carbon resources from the
natural environment must be reused and
integrated. This can help achieve the long-term
objectives of displacing petroleum use and
lowering environmental pollution, which will
make a significant contribution to the global
effort toward carbon neutrality [33]. It has been
that  heterotrophic
increases the biomass and lipid productivity of
microalgae, making it a viable method for
producing biodiesel. With this method, organic
carbon sources are used to support the growth of
microalgae. When compared to autotrophic
cultivation, the adoption of heterotrophic
cultivation can enhance the biomass and lipid

biomass and biodiesel is

demonstrated culture

productivity of microalgae by up to ten times
[34].

A viable method for producing biodiesel and
microalgal biomass is heterotrophic culture. It

has been demonstrated to raise the lipid
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productivity and biomass of microalgae, making
it a viable method for producing biodiesel.
Heterotrophic agriculture can play a major part
in the global effort to achieve carbon neutrality
by helping to reduce environmental pollution
and replace petroleum consumption in the long
run [35-37].

Symbiotic co-cultivation

Another method of co-cultivation for producing
microalgal biomass and biodiesel is symbiotic co-
cultivation. In this method, various heterotrophic
microbes such bacteria, yeast, fungus, and other
algae or microalgae are grown in symbiosis with
the microalgae [38]. Microorganisms exchange
nutrients and metabolites during symbiotic co-
cultivation, which boosts output and makes
microalgal-based fuel more commercially viable
[39]. Co-cultivation has proven to be an effective
method for utilizing lipids, carbohydrates, and
proteins to transform microalgae biomass into
various biofuels, such as biodiesel, biohydrogen,
bioethanol, biomethanol, biobutanol,
biomethane [40-42]. With no
aromatic byproducts produced, biodiesel is a
promising renewable energy source that can
drastically of unburned
hydrocarbons monoxide.
Triglycerides (TAGs), an organic component that
can be utilized as a precursor for the synthesis of
biodiesel, are produced by microalgae from CO;
and water [43]. It has been demonstrated that

and
sulphur or

lower emissions

and carbon

symbiotic co-cultivation increases the
microalgae's cellular oil, lipid content, and
biomass production [44-47]. For instance,

improvements were seen in the lipid content,
cellular oil, and microalgae biomass production
in the co-culture of Chlorella and Aspergillus.
Similar improvements in biomass yield, lipids,
and saturated and unsaturated fatty acids that
to produce were
demonstrated by the Mucor circinelloides and C.
vulgaris consortia [48].

can be used biodiesel

However, the choice of microorganisms and how
they interact with one another greatly affects
how efficient this strategy is. A viable method for
producing biodiesel and microalgal biomass is
symbiotic  co-cultivation. It has  been
demonstrated to increase the lipid content,
cellular oil, and biomass yield of microalgae,
making it a viable method for producing
biodiesel [49]. Symbiotic co-cultivation can play a
major part in the global effort to achieve carbon
neutrality by helping to reduce environmental
pollution and replace petroleum consumption in
the long run [50].

Co-cultivation with other microorganisms
Because of their high lipid content and quick
growth rates, single-celled photosynthetic
microorganisms known as microalgae have
become a promising source for the generation of
biomass and biodiesel. Large-scale microalgal
production is hampered by a number of issues,
though, competition,
contamination risk, and the significant energy
expenditure needed to maintain ideal culture
conditions [51]. Co-cultivation strategies have
gained a lot of attention as a way to get around
these problems improve the
productivity and efficiency of biomass and
biodiesel production. These strategies involve
the simultaneous cultivation of microalgae with
other microorganisms like bacteria, fungi, or
yeasts [52].

Co-cultivation with
microorganisms promise in
resolving issues related to the production of
biodiesel and microalgal biomass. Even if there
are still many obstacles to be solved, the
continuous research and development in this
area has great promise for the production of
and the
environmental problems related to the use of
[53].
developments in co-cultivation techniques have

such as nutrient

and overall

techniques other

have shown

sustainable biofuels reduction of

conventional fossil fuels Future
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the potential to make the biofuel sector more
environmentally friendly and sustainable.

Bacterial Co-cultivation

To promote a symbiotic interaction between the
two microorganisms, bacteria and microalgae are
grown simultaneously in a shared habitat in a
process known as "bacterial co-cultivation." In a
mutualistic interaction, the and
microalgae gain from one another's company
[54]. Commensal relationships occur when one
organism gains an advantage while the other is
neither aided nor hindered. Some benefits of
Bacterial Co-cultivation include:

bacteria

Nutrient cycling

The improvement of nutrient cycling is one of the
main advantages of bacterial co-cultivation. For
example, nitrogen-fixing bacteria can transform
atmospheric nitrogen into a form that microalgae
can easily use, negating the requirement for
additional nitrogen replenishment. This results
in cost savings and more effective nutrient
utilization.

Contaminant control

In co-cultivation systems, bacteria can serve as
sentinels by displacing undesirable
microorganisms, diseases, or algae that could
contaminate the culture. This lower chance of
contamination can greatly increase the
microalgal culture's dependability and stability
[55].

Improvement in biomass and lipid yields

Some bacteria can boost lipid production or
encourage the growth of microalgae. Certain
bacteria, for instance, emit compounds that
encourage growth, while other bacteria benefit
microalgae by eliminating harmful chemicals or
lessening oxidative stress. Lipid yields and

be captured. During photosynthesis, microalgae
absorb COy, and their growth is stimulated by an
atmosphere that is high in CO». This method can
generate useful biomass and biodiesel while
reducing greenhouse gas emissions [57].

Fungal Co-cultivation

A new symbiotic strategy for increased biomass
and biodiesel production is fungus co-cultivation.
It entails growing fungi and microalgae together
in a common habitat
symbiotic relationship between the two microbes
[58]. Microalgae and fungi may have a
mutualistic connection in which both parties
gain, or a commensal relationship in which one
organism gains and the other does not. Some
benefits of Fungal Co-cultivation are:

in order to foster a

Nutrient recycling

Microalgae can more easily acquire nutrients
when complex organic matter is broken down by
fungi. They have the ability to break down
organic materials and liberate nutrients from
complicated molecules, which helps the co-

cultivation system recycle nutrients like
phosphorus and nitrogen.
Contaminant suppression
By producing antimicrobial chemicals and

enzymes, fungi can aid in inhibiting the growth of
undesirable microbes, diseases, or competitive
algae. This the stability of the
microalgal culture and lowers the possibility of
contamination.

improves

Enhanced biomass production

Fungi have the ability to supply organic materials
and growth-enhancing chemicals to microalgae,
hence encouraging their growth. In addition,

biomass are raised as a result [56]. certain fungi can benefit microalgae by
eliminating harmful compounds, lessening
CO; utilization oxidative stress, and boosting biomass
Utilizing bacterial co-cultivation, carbon dioxide  production.
(COz) emissions from industrial operations can
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Lipid accumulation

Certain fungi can increase the amount of lipid
that accumulates in microalgae, which makes
them a more appealing source for the biodiesel
generation. Fungal-assisted lipid accumulation
has the potential to increase microalgae's total
lipid content and
efficiency for biofuel [59].

increase their feedstock

CO; utilization

Utilizing and capturing carbon can be facilitated
by fungal co-cultivation. Microalgae can use CO-
from fungi's respiration and consumption of
organic carbon sources for photosynthesis. This
can be very helpful in reducing CO, emissions
[60].

Microalgae-macroalgae co-cultivation

The Micro-Macro Algae In order to promote a
mutualistic relationship, co-cultivation entails
the simultaneous growing of macro-
microalgae in a shared habitat [61].

In contrast to certain co-cultivation techniques,
which favor one organism over the other, this
method is typified by the shared benefits that
both macro- and microalgae derive from the
partnership. benefits of Microalgae-
Macroalgae Co-cultivation are:

and

Some

Nutrient complementarity

The nutritional needs of macroalgae and
microalgae are different. While macroalgae can
use organic resources like dissolved organic
matter, microalgae are more adept at absorbing
inorganic nutrients like phosphates and nitrates.
In the system, their
complementary nutrient utilisation reduces
competition and improves nutrient cycling [62].

co-cultivation

Contaminant control

Because macroalgae compete with infections and
undesired bacteria for nutrients, their presence
can help inhibit their growth. As a result, there is

less chance of contamination and the microalgal
culture is more stable.

Enhanced biomass production

Microalgae can adhere to the physical structure
provided by macroalgae to form a three-
habitat. =~ This  arrangement
maximizes light exposure, minimises
shading, and encourages the growth of
microalgae. Greater potential for biofuels results
from increased biomass production.

dimensional
self-

Carbon dioxide utilization

Carbon dioxide (CO2) can be effectively captured
and utilized by the co-cultivation method. While
macroalgae take up CO: through respiration,
microalgae absorb it during photosynthesis. CO;
emissions can be reduced using two methods of
carbon capture.

Microalgae-yeast co-cultivation

In  microalgae-yeast  co-cultivation,  both
microalgae and yeast are grown concurrently in a
medium, promoting a
relationship between the two microbes. The fact
that yeast and microalgae gain from this
collaboration is its defining feature [63]. Some
benefits of Microalgae-Yeast Co-cultivation
include:

same mutualistic

Nutrient complementarity

Yeast and microalgae require different nutrients.
While yeast can eat organic carbon sources like
sugars and glycerol, microalgae are more
effective at absorbing inorganic nutrients like
phosphates and nitrates. Within the co-
cultivation system, this complementarity in
nutrient utilization reduces competition and
improves nutrient cycling [64].

Contaminant control

By competing for available resources, yeast can
help inhibit the growth of undesirable microbes
or infections. As a result, there is less chance of
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contamination and the microalgal culture is more
stable.

Enhanced biomass production
Growth-promoting compounds, including
vitamins and growth factors, can be secreted by
yeast, which in turn promotes the growth of
microalgae. More biomass is produced as a
result, which can be turned into biofuels [65].

Lipid accumulation

Yeast can promote the accumulation of lipids in
microalgae by giving them sources of organic
carbon to synthesize lipids. Microalgae with
higher lipid content as a result are more
appealing as feedstock for the generation of
biodiesel.

CO; utilization

During photosynthesis, microalgae may absorb
carbon dioxide (COz), while yeast can make CO;
by using organic carbon sources. This effective
usage of CO; reduces greenhouse gas emissions
[66].

Biodiesel production and quality

Biodiesel is a type of diesel fuel made of long-
chain fatty acid esters extracted from plants or
animals. As a renewable and eco-friendly
substitute for conventional diesel derived from
petroleum, biodiesel has drawn a lot of interest
as a long-term energy source [67].

The efficient and ecological
advantages of biodiesel are contingent upon its
production and quality. Transesterification is the
process by which fats and oils are transformed
into glycerin during the
manufacturing of biodiesel. The raw materials
used, the method of manufacturing, and the
chemical characteristics of the biodiesel molecule
all affect the quality of biodiesel that is generated
[68].The following are important factors to take

utilization

and biodiesel

into account when creating and evaluating
biodiesel:

Extraction and transesterification process

The extraction of triglycerides, or fats or oils,
feedstocks and the  subsequent
transesterification to turn these triglycerides into
biodiesel are the two main steps in the
manufacturing of biodiesel.

from

Extraction process

Feedstock Selection: A variety of feedstock, such
as discarded cooking oils, animal fats, and
vegetable oils (such as soybean, canola, and palm
oil), can be utilized to make biodiesel. The
resulting biodiesel's characteristics may change
depending on the feedstock selection.
Pretreatment: To eliminate contaminants,
feedstock may need to be pretreated.
Degumming, neutralization, and elimination of
free fatty acids are typical pretreatment
procedures. The type of feedstock can determine
the needed pretreatment.

Methods of Extraction: The feedstock can be
extracted from the triglycerides using a variety of
techniques, such as:

- Mechanical pressing: Pressuring nuts or
seeds to release their oil.

- Solvent extraction: Dissolving the oil in a
solvent (such as hexane) and then removing the
solvent.

- Supercritical fluid extraction: Oil is extracted
using supercritical CO».

The type of feedstock and other parameters

influence the extraction process selection.
The separation of glycerol: The useful byproduct
glycerol is present in the extracted oil. It is
usually extracted from the oil and has a number
of industrial uses [69].

The transesterification process
Components: Triglycerides
extracted from the feedstock and an alcohol-

that have been

typically methanol or ethanol- in the presence of
a catalyst are the primary components of
transesterification. Potassium hydroxide (KOH)
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and sodium hydroxide (NaOH) are the most
widely used catalysts.

Transesterification This
creates biodiesel (fatty acid methyl or ethyl
esters) and glycerol as a byproduct by
substituting methanol or ethanol for the glycerol
in the triglycerides. One way to depict the
Biodiesel +
Ethanol) ->

Reaction: reaction

chemical reaction is as follows:
Glycerol + 3 Methanol (or
Triglyceride + 3.

Process Steps: The following steps are usually
involved in the transesterification process:

- Mixing: To create a homogeneous solution,
the triglycerides, alcohol, and catalyst are
combined.

- Reaction: To speed up the transesterification
reaction, the mixture is heated and stirred.

- Separation: As a result of their differing
densities, the biodiesel and glycerol separate
from the mixture after it has been allowed to
settle during the reaction.

- Washing: Any leftover contaminants, such as
glycerol and leftover catalyst, are eliminated
from the crude biodiesel through washing.
Glycerol Separation: The transesterified glycerol
is isolated from the biodiesel and can be
processed further for use in other processes [70].
Post-Processing: To remove any residual water,
deodorize to eliminate aromas, and filter out any
particle matter, the crude biodiesel may go
through extra processing processes.

Biodiesel quality standards

Biodiesel quality standards are necessary to
ensure that biodiesel satisfies particular
requirements for effective combustion, lower
emissions, and compatibility with current diesel
engines [71]. The
establish the structure for the manufacturing,
application
guaranteeing that it fulfills its potential as an eco-
friendly and sustainable fuel.

aforementioned criteria

examination, and of biodiesel,

Ester content

Biodiesel (B100) must have a minimum of 96.5%
ester, according to ASTM D6751. Better biodiesel
quality is indicated by a higher
concentration.

ester

Acid value

A value more than 0.50 mg KOH/g is not
acceptable. Higher acid values may be a sign of
contaminants or free fatty acids, which can cause
corrosion and engine deposits.

Moisture content

500 mg/kg (parts per million, ppm) is the highest
amount of moisture that can be present. An
excessive amount of moisture might cause
emulsion development, which is not good for
biodiesel [72].

Viscosity

At 40 °C, the viscosity of biodiesel should range
from 1.9 to 6.0 mm?2/s (cSt). In fuel injection
systems, poor atomization can result from
excessive viscosity. The content of
biodiesel needs to be below 15 parts per million
in orders to comply with
regulations. One of the components of toxic
emissions is sulfur.

sulfur

environmental

Cold flow qualities

To avoid gelling and filter blockage during cold
weather, ASTM D6751 specifies
qualities. The cloud point, for instance, should
not be higher than 6 °C (42.8 °F) [73].

Cetane number

To guarantee good ignition quality and enhance
engine efficiency, a cetane number of at least 47
is necessary.

cold flow

Oxidative stability

To avoid deterioration and deposit formation
during usage and storage, biodiesel needs to have
strong oxidative stability.

Total glycerin content
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No more than 0.24% of the total should be
glycerin. Overuse of glycerin can cause filter
blockage, piston ring sticking, and injector
coking.

Density

To prevent modifications in engine fuel supply
rates, biodiesel density should be between 0.86
and 0.90 g/cm3[74].

Significance of biodiesel quality standards:
Engine performance: Engine deposits, corrosion,
and wear are minimized and efficient engine
performance is ensured by premium biodiesel.

Emission reduction

Particulate matter, nitrogen oxides, and sulfur
compounds are just a few of the dangerous
pollutants that can be reduced by adhering to
quality standards.

Fuel compatibility
engines and
currently in use may run on biodiesel that
satisfies quality standards.

Diesel infrastructure that are

Regulatory compliance

To guarantee the safe and responsible use of
biodiesel, regulatory bodies frequently demand
adherence to quality requirements.

Environmental benefits

Reducing greenhouse gas emissions and the
environmental impact of transportation are two
benefits of using high-quality biodiesel [75].

Economic consideration

Microalgae have a number of benefits over
conventional crops and the potential to be a
substantial source of biomass and biofuel. It is
necessary to take into account certain economic
factors in order to make the production of biofuel
from microalgae financially feasible [76]. The

following are the main economic variables and
difficulties related to using microalgae as a
feedstock for biomass and biofuels:

Investment outlay

The high capital expenditures of establishing the
required infrastructure are one of the main
economic production of
microalgal Large-scale microalgal
cultivation systems, like photobioreactors or
open ponds, need expensive equipment, land,
and technological inputs to set up and operate.
Smaller enterprises may find it difficult to enter
the market due to these upfront costs, which may
take years to recover [77].

obstacles to the
biofuel.

Operational costs

Growing microalgae requires a lot of energy and
the supply of light, nutrients, and carbon dioxide.
Maintaining the necessary nutrition supply,
ambient conditions, and monitoring systems can
come with substantial operational expenditures.
Moreover, the ongoing upkeep and observation
of microalgal cultures raises the operational
expenses.

Costs associated with nutrients

For growth, microalgae require particular
nutrients, such as phosphorus and nitrogen. One
important economic consideration may be the
price of obtaining these nutrients and
guaranteeing a steady supply of them. In an
attempt to cut expenses,
concentrating on creating more environmentally
friendly fertilizer sources or recovering nutrients
from wastewater [78].

some research is

Harvesting and dewatering

Harvesting microalgae and dewatering them
pose further financial difficulties. Centrifugation
and filtration are two effective but expensive
ways to separate microalgae from the growing
medium. One of the main areas of research is
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creating harvesting methods that are both
economical and energy-efficient [79].

Lipid extraction

Lipids, or oils, must be extracted from microalgae
to produce biofuel. Lipid extraction techniques
can be costly, thus it is important from an
economic standpoint to optimize the process to

maximize lipid recovery while lowering
expenses.
Productivity and yield

Achieving high yields and productivity is
necessary for the microalgal biomass and biofuel
production to be economically viable. Enhancing
microalgae's growth rate and lipid content is one
of the main objectives of this field of study. To
increase yield, improved strains, genetic
engineering, and culture techniques are being
investigated [80].

Scaling up
Transforming  laboratory  or  pilot-scale
microalgal production into commercial-scale

operations presents a challenging economic
landscape. To guarantee a smooth transition, the
engineering and logistical components of large-
scale cultivation should be properly taken into
account.

Market competition

The characteristics of the market have an impact
on the economics of producing microalgal
biofuel. The cost and availability of rival
feedstocks for biofuels, like soybean or palm oil,
affect how profitable microalgal biofuels can be.
Governmental rewards, subsidies, and policies
can play a significant role in promoting
microalgal biofuel development [81].

Co-product development

Co-products can be produced in addition to
biofuels to increase the economic appeal of
microalgal  biofuel

production.  High-value

biochemicals, animal feeds, and fertilizers are

examples of co-products that can assist reduce
production costs and make extra money.

Co-cultivation's technological advancements
Enhancing biomass production
through co-cultivation of microalgae with other

and biofuel

microorganisms or macroorganisms has become
a viable approach. Co-cultivation systems are
now much more viable and efficient because to a
number of technical advancements [82]. We
examine significant technological advancements
in co-cultivation for the production of biomass
and biofuels.

Co-cultivation using photobioreactors
Photobioreactors are specialized equipment used

to cultivate microorganisms that use
photosynthesis, like  cyanobacteria  and
microalgae.  Photobioreactors  provide a

controlled environment for cultivating various
microorganisms together in the co-cultivation
context. Because these systems can monitor
parameters, optimize growth conditions, and
increase output, they have become an essential
technology in the production of biomass and
biofuel [83]. We explore the application of
photobioreactors in co-cultivation techniques
below.

Photobioreactor types

Photobioreactors  with Closed
Photobioreactors with closed
hermetically sealed vessels designed to keep
microorganisms away from their surroundings.

Systems:
systems are

These technologies avoid contamination and are
very controlled. Reactors with bubble columns,
flat panels, and tubular forms are common.

Open ponds: Used for large-scale cultivation and
capable of supporting co-cultivation, open ponds
like  closed-system
photobioreactors. These systems, which are

are not enclosed
frequently used for both commercial production
and research, have less control than closed
photobioreactors
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Hybrid systems: To maximize growing
conditions, hybrid systems incorporate
components of both closed and open systems. To
provide a controlled environment for initial
growth prior to shifting to open systems, closed
photobioreactors, for instance, might be
connected to open ponds.

Advantages of Co-cultivation with
photobioreactors

Accurate management: Photobioreactors provide
accurate management of several environmental
parameters, such as light, temperature, pH, and
nutrient availability. In
management is essential for maximizing the
growth of several microorganisms with various
needs [84].

co-cultivation, this

Contamination prevention

By successfully keeping out undesirable bacteria,
closed-system photobioreactors enable the co-
cultivation of certain strains without hindrance.

Enhanced output

Photobioreactors can greatly boost the biomass
and biofuel output of
microorganisms by preserving ideal growth
conditions.

co-cultured

Year-round culture
Since photobioreactors
changes in sunlight and temperature throughout
the year, year-round culture is possible. This
feature is especially helpful for areas with
different seasons.

are not reliant on

Monitoring and data gathering

Systems for monitoring and data gathering are
built into advanced photobioreactors, giving
users access to real-time data on culture
parameters. For process optimization and
research, this data is invaluable [85].

Closed systems and monitoring

Systems for efficient monitoring and control are
essential for maximizing the production of
microalgal These
technologies give operators access to real-time
data, enabling them to maintain optimal growth
conditions, make well-informed decisions, and
increase production [86], the essential elements,
and capabilities of systems for monitoring and
controlling.

biofuel and biomass.

Sensors for the environment

Environmental sensors are the first line of
defense in monitoring, continuously measuring
and recording a range of characteristics. These
sensors are positioned inside or outside the
cultivation system and offer information on
variables like:

Light intensity: In closed systems, sensors that
measure incoming light can be used to alter
artificial light sources for the best possible
photosynthesis.

Temperature: Keeping an eye on temperature is
essential as it impacts growth rates and may
signal possible stress to microalgae [87].

pH Levels: To maximize microalgal development
and biofuel the pH must be
maintained at the right level.

Nutrient concentrations: By monitoring nutrient
levels, sensors make sure microalgae have access
to enough resources to thrive.

CO. Concentration: Since CO; is a necessary
nutrient for photosynthesis, it is vital to keep an
eye on its levels.

generation,

Data collection and analysis

Real-time data collection and analysis are done
using environmental sensor data. The data is
processed by sophisticated software tools, which
enable operators to identify patterns, anticipate
outcomes, and act fast when conditions deviate
from ideal ones. Making educated judgments
about adding nutrients, regulating pH, or
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changing light levels is made easier with the use
of data analysis [88].

Automation and control

An essential part of systems for monitoring and
controlling data is automation. Automation
systems can modify a number of factors based on
the data and analysis to maintain optimal growth
conditions [89].

Tracking algal increase

Various techniques are utilized to gauge the
increase of microalgal biomass:

Measurement of optical density: By examining
light absorption and scattering, optical sensors
can ascertain the density of microalgal biomass.
The information here can be useful to track
growth trends [90].

Chlorophyll  fluorescence: By
chlorophyll fluorescence, fluorometers can reveal

measuring

information = about  stress levels and
photosynthetic activity as shown in Fig. 2.

Cell counting and morphology analysis:
Microalgae cells can be imaged using

sophisticated imaging technologies, enabling the
counting and morphological analysis of the cells.
Contaminant detection: Unwanted microbes and
pollutants are also detected by monitoring
systems. Accordingly, resource rivalry is avoided
and the purity of the microalgal culture is
preserved. When pollutants are found,
automated detection systems have the ability to
initiate interventions.

Chlorophyll
Fluorescence

<EeOICOD?y .OPPIEOIICIO1S

Heat

Fig 2. Chlorophyll fluorescence imaging [91]

Feedback control loops
These  systems
modifications in response to gathered data. By

allow  for  automated
maintaining cultivation conditions within ideal
ranges, these loops maximize the growth of
microalgae and the production of biofuel [91].

Remote monitoring and control

A lot of systems have the ability to monitor and
control remotely, giving users the ability to view
and modify cultivation parameters from a
distance. It is valuable for large scale and outdoor
cultivation systems.
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Data storage and historical analysis

In addition to store historical data, monitoring
and control systems allow for the long-term
examination of performance, trends, and growth
patterns. Future cultivation strategy decisions
can be made with the help of this data [92].

Co-cultivation using genetic engineering
Enhancing microalgae's potential for biomass
and biofuel production is mostly dependent on
genetic engineering. Co-cultivating microalgae
with other microorganisms- especially modified
strains- can greatly increase biomass quality,
output of biofuel, and productivity [93]. Genetic
engineering applications in co-cultivation
methods are useful for producing microalgal
biomass and biofuel.

Enhanced production of lipids: Modifying
microalgal strains through genetic engineering
makes it possible to increase lipid (oil) synthesis,
which is necessary for the biofuel manufacture.
Among the strategies are: To boost the synthesis
of triglycerides, the main lipid source for
biodiesel, researchers can overexpress important
genes involved in lipid biosynthesis. To direct
more carbon into the synthesis of lipids, genetic
alteration can optimize the pathways involved in
lipid biosynthesis [94]. By engineering
microalgae to accumulate lipids in response to
stressors like phosphate or nitrogen deficiency,
lipid content can be increased.

Stress tolerance: In culture, microalgae are
frequently subjected to environmental stresses
that might impede their growth and output
Stress tolerance can be increased by genetic
engineering to increase the resilience of
microalgae, genes related to stress responses,
such as resistance to salinity or drought can be
added.

CO; fixation: that have been
genetically modified can be enhanced for
effective CO; fixation, which is necessary for the
generation of biomass and biofuel. This entails

Microalgae

lowering CO; loss and raising rates of carbon
uptake [95].

Nitrogen fixation:
tailored

In co-cultivation systems,
may fix ambient nitrogen,
minimizing the need for nitrogen
supplementation. Microalgae need nitrogen to
develop.

Co-cultivation symbiosis: Microalgae and co-
cultured microorganisms can form symbiotic
interactions through genetic engineering. For
example, microalgae can be genetically modified
to supply particular nutrients or chemicals to
their co-cultured partners in
advantageous goods or services [96].
Growth enhancement: To ensure quick biomass
production, genetic engineering can be employed
to increase microalgal growth This
involves maximizing photosynthetic efficiency
and cell division.

Modified metabolism: It is possible to create
engineered strains that modify the microalgae's
metabolic pathways to emphasize the synthesis
of particular molecules, including high-value
biochemicals or biofuels.

Resistance to pollutants: By introducing
resistance to pathogens or pollutants through
genetic engineering, the microalgal culture can
be shielded from undesirable bacteria and
resource competition is avoided [97].

Improved compatibility:
Microalgae and co-cultured microorganisms can
coexist more harmoniously thanks to genetic
engineering, promoting the growth
generation of biomass and biofuels from both
partners.

Controllable genetic switches: They are a feature
of engineered microalgae that enable the exact
regulation of particular metabolic activities or
pathways in response to the environmental

strains

return for

rates.

co-cultivation

and

circumstances or cultivation needs.

Regulatory considerations: When it comes to
genetically modified microalgae, safety and
regulatory issues must be taken into account.
Obtaining permission and adhering to applicable
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laws are essential, particularly when introducing
genetically engineered microbes into public
spaces [98].

Impact of Co-cultivation on microalgal growth
Improved biomass production

Co-cultivation with certain microorganisms can
lead to improved microalgal biomass production.
This enhancement is often attributed to the
provision of growth-promoting factors, such as
vitamins, growth hormones, or organic matter,
by the co-cultivated organisms [99]. In addition,
some microorganisms can help protect
microalgae from environmental stressors, which
can further contribute to increased biomass
production. Co-cultivation has shown significant
potential for improving microalgal biomass
production through several mechanisms:
Mutualism and synergy: Co-cultivation can create
mutualistic interactions between microalgal
species, leading to improved biomass production.
For instance, of nitrogen-fixing
cyanobacteria and non-nitrogen-fixing
microalgae can benefit from nitrogen transfer,
resulting in enhanced growth [100]. Such
mutualistic relationships can also reduce
competition for resources and create a more
stable growth environment.

Resource partitioning: Co-cultures allow for the
utilization of complementary resources, reducing

co-cultures

competition and maximizing resource efficiency.
Microalgae with distinct nutrient preferences can
be combined to ensure efficient nutrient
[101]. This resource partitioning
contributes to higher overall biomass production.
Biofloc formation: Co-cultivation can promote
the formation of microalgal bioflocs, which
enhance production.
composed of microalgae and bacteria, creating a

utilization

biomass Bioflocs are
microenvironment that can facilitate nutrient
cycling, protect microalgae from predation, and
reduce shear stress [102].

Enhanced lipid content and quality
Co-cultivation has been shown to influence lipid
production in microalgae positively:

Metabolic interactions: Co-cultivation can lead to
microalgal
species, resulting in increased lipid content. For
example, co-culturing Chlorella and Scenedesmus
has been found to enhance the production of
lipids in both species, attributed to cross-species
metabolite exchange [103].

Induction of stress responses: Co-cultivation can
induce stress responses in microalgae, leading to
higher lipid accumulation. Competition for
resources and allelopathic interactions between
co-cultured species can stimulate lipid
production as a defense mechanism [104].

metabolic interactions between

Nutrient utilization and recycling

Co-cultivation can improve nutrient utilization
efficiency and recycling:

Nutrients recycling: In co-cultivation systems,
nutrients excreted by one microalgal species can
be used by others, reducing the need for external
nutrient supplementation [105]. This recycling
minimizes the environmental impact and the cost
associated with nutrient provision.

Nitrogen and phosphorus
cultivation can be applied for wastewater
treatment. Co-cultures can efficiently remove
nitrogen and phosphorus from wastewater,
making it a sustainable solution for nutrient
removal and water purification [106].

removal: Co-

Environmental and nutrient considerations

Some environmental and nutrient considerations
associated with microalgal co-cultivation are as
follow:

Nutrient exchange and competition
cultivation: In a co-cultivation system, there can
be nutrient exchange and competition between

in co-

microalgae and co-cultivated organisms. For
instance, microalgae may compete with bacteria
or other microorganisms for essential nutrients
such as nitrogen and phosphorus [107]. The
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competition for nutrients may influence the
growth dynamics and overall productivity of the
co-culture.

Carbon dioxide utilization in co-cultivation: Co-
cultivation systems can contribute to carbon
dioxide (CO2) mitigation and utilization as shown
in Fig. 3. Microalgae, when co-cultivated with
other organisms, can efficiently capture and fix
CO; from various sources, such as industrial
emissions or flue gases. The ability of microalgae

i

Compressed CO2 Tanks

to sequester CO; can have implications for
reducing greenhouse gas emissions [108].
Wastewater applications:  Co-
cultivation of microalgae with bacteria or other
microorganisms  has promise in
treatment  applications.  The
microorganisms in the co-culture can help in the
removal of organic pollutants, nitrogen, and
phosphorus from wastewater, providing a cost-
effective approach for
wastewater treatment [109].

ﬂ

treatment

shown
wastewater

and sustainable

8

CO2 generator

CO2 supplementation
in greenhouses

<’

Dry ice

Chemical CO2 generation

Fig. 3. Carbon dioxide (CO2) mitigation and utilization [108]

Sustainability and future prospects

Sustainability of Co-cultivation systems

Resource efficiency: Co-cultivation systems offer
the potential for improved resource efficiency.
They can enhance nutrient utilization and reduce
the need for external nutrient supplementation
in microalgal growth. This is particularly
important in the context of sustainable
agriculture and aquaculture, where microalgae
supplement the nutrient
requirements of crops and aquatic organisms,
reducing the reliance on synthetic fertilizers
[110].

Carbon sequestration: Co-cultivation systems,
especially those involving microalgae, have the
capacity to sequester carbon dioxide (COz) from

can be used to

industrial emissions and other sources. This
contributes to mitigating greenhouse gas
emissions and can support carbon capture and
utilization (CCU) efforts, aligning with global
sustainability goals [111].

Waste utilization: Co-cultivation can provide a
sustainable solution for utilizing organic waste
streams, such as agricultural and industrial
effluents. By co-cultivating microalgae with
waste-treating microorganisms, organic matter
can be efficiently converted
biomass and bioenergy, reducing waste disposal
and pollution [112].

into valuable

Potential for commercial-scale production

Biofuel production: Co-cultivation systems are
increasingly explored for
biofuel production. The enhanced lipid content

commercial-scale
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and growth rates achieved through co-cultivation
can make microalgae a competitive feedstock for
biodiesel and biojet fuel production, with the
potential to reduce reliance on fossil fuels [113].
High-value products: Beyond biofuels, co-
cultivation can be harnessed for the production
of high-value compounds,
pharmaceuticals, nutraceuticals, and bioplastics.
The versatility of co-cultivation systems allows
for the tailored production of specific
compounds, offering opportunities for the
pharmaceutical and biotechnology industries
[114-117].

Sustainable agriculture: Co-cultivation has
applications in sustainable agriculture by
providing Dbiofertilizers, biostimulants, and
disease control agents. The co-cultivation of
microalgae with beneficial microorganisms can
enhance soil health, nutrient availability, and
crop yield, supporting eco-friendly farming
practices.

Wastewater treatment: Large-scale co-cultivation
systems for wastewater treatment can serve
municipalities and industries, treating
wastewater while producing valuable biomass.
The dual-purpose nature of these systems can
make economically
environmentally sustainable [118].

such as

them viable and

Conclusion

The exploration of emerging co-cultivation
strategies for microalgal biomass and biodiesel
production has
landscape that holds promise for the sustainable
future of biofuel technologies. This study
embarked on a comprehensive journey, delving
into
approaches, biodiesel production processes, and
the overarching impact on microalgal growth.
delved into the
intrinsic characteristics of microalgae as a source
of biodiesel, emphasizing the significance of their
lipid production capabilities.

unfolded a multifaceted

various dimensions of co-cultivation

The foundational sections

The subsequent exploration of co-cultivation
approaches, ranging from bacterial and fungal
co-cultivation to innovative combinations with
macroalgae and yeast, demonstrated a nuanced
understanding of the diverse synergies that can
be harnessed for enhanced microalgal
productivity. As the study unfolded the
intricacies of biodiesel production and quality
standards, it became evident that co-cultivation
offers not only technological advancements, but
also economic considerations crucial for the
scalability of biofuel production.

The examination of technological advancements
of co-cultivation, including the wuse of
photobioreactors, closed with
monitoring capabilities, and genetic engineering,
showcased a cutting-edge
methodologies. The impact of co-cultivation on
microalgal growth emerged as a focal point, with
tangible improvements observed in biomass
production, lipid content,
utilization.

The study underscored the potential of co-
cultivation to not only enhance biodiesel-
relevant traits, but also contribute to
environmental sustainability through nutrient
recycling. Concerning the broader environmental
and nutrient considerations, the study addressed
the intricate balance required for successful co-
cultivation systems, paving the way for a more
holistic approach to biofuel production. The
sustainability and future prospects
illuminated the potential of
systems to transition from experimental setups
to commercially viable production, bringing
biofuels closer to mainstream adoption.

This study contributes significantly to the
evolving discourse on microalgal biomass and
biodiesel production by championing the cause

systems

commitment to

and nutrient

section
co-cultivation

of co-cultivation strategies. As we navigate
towards a future where sustainable energy
solutions are imperative, the findings of this
research provide valuable insights, laying the
groundwork for a more efficient, economically
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viable, and environmentally conscious approach
to microalgal biofuel production. The journey
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