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Abstract: Chlorella vulgaris has considerable promise as a raw material for biofuel production since
it has a high productivity per unit area, has a minimum influence on the environment, and does not
significantly affect food security. Nevertheless, the low fatty content of their biomass poses a
considerable economic obstacle for commercialization. Increasing the amount of biomass and lipids
produced by these algae is essential for improving the economic feasibility of using them as biofuel
sources. This review highlights the significance of identifying appropriate algal strains, namely
those found in local environments, and utilising mutagenesis and genetic engineering techniques to
create 'platform strains'. Prior endeavours have primarily concentrated on altering environmental
and dietary parameters to enhance the production of biomass and lipids. Here, we review a scientific
literature that examines biotechnological approaches and develops methodologies designed to
increase lipid production, emphasising the importance of aligning engineering efforts with
breakthroughs in DNA manipulation tools. In addition, the review research evaluates the present
economic and commercial situation of algal biorefineries, including any related disadvantages. In
summary, this thorough research highlights the importance of using creative methods to tackle the
intricacies of lipogenesis and enhance the economic viability of producing biofuels from algae.

Keywords: Chlorella vulgaris; microalgae; algal biorefineries; biodiesel; bioenergy

1. Introduction

The current world population is more than 8.1 billion as of 2024. The rapid increase seen in the
growth of population fairly gives the idea of the skyrocketing news of food, fuel, and energy. Thus,
there is an ever-increasing need to find efficient alternatives for complementing the existing food and
energy sources to meet the scarcity that is evident to occur in the future. The statistics help us to
understand the gravity of the problem to find an efficient alternative as early as possible. Microalgae
and the products derived from them have proved to meet almost all of the requirements of an ideal
alternative for meeting energy needs. Moreover, the economically feasible nature of the microalgal
culturing processes.

1.1. Depletion of Fossil Fuels and the Need for Sustainable Alternatives

There is marked overexploitation of fossil fuels observed despite of being unsustainable sources
of energy. This overexploitation is due to the rapid industrialization & skyrocketing growth of
population. The present scenario is indicative of a global energy crisis in the near future. Statistics
suggest that almost 85% of our energy demands have been met with fossil fuels which are harmful
non-renewable energy sources [1]. Thus, there is an increasing need to discover other energy sources

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202405.0337.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2024 doi:10.20944/preprints202405.0337.v1

to complement and eventually compensate for the existing fossil fuels which have adverse
complications on the environment. The climate change instigated due to numerous anthropogenic
factors has driven people’s attention to the bioproducts/biofuels obtained from microalgae. There
have been evidence of exploitation of various foodstuffs for extracting energy but these sources are
not enough to meet the increasing needs. Biofuel production from microalgae is coupled with carbon
dioxide capture; this collective action helps in the elimination of carbon dioxide from the
environment thereby overcoming the problem of global warming along with the energy crisis. The
lipid yield from microalgae has been found to possess the potential to outgrow the efficiency of many
other oil-producing crops. In addition, microalgae is also a rich source of carbon compounds such as
biofuels, cattle feedstock, nutraceuticals et cetera. Thus, microalgae is proving to be an emerging
alternative as an efficient alternative for fossil fuels.

1.2. Biofuels as a Promising Renewable Energy Source

The accelerated pace of increasing population is predicted to reach 9 billion by the year 2050. As
a consequence, the emerging energy needs & greater global prices have put phenomenal pressure on
the existing natural energy resources which eventually leads to their rapid depletion. Fossil fuel
burning has led to innumerable environmental hazards, for instance, a surge in greenhouse gas
(GHG) emissions more specifically carbon dioxide [2]. As evident from the statistics, there is a marked
increase observed in global primary energy utilization owing to higher standards of living &
industrialization. Contemporarily, over 80% of the world’s energy needs are met by fossil fuel
burning like coal, oil, and natural gas. Approximately 98% of this energy is extracted from the
emissions of carbon compounds from fossil fuels. As per an estimate, the overall intensity & duration
of drought-like conditions are predicted to be more severe due to plummeted water reserves by 5-
fold in the 21st century. Due to the scarcity observed in the energy sources and to meet the rising
needs for energy, alternative options for these energy sources are thought to be one of the most
practical approaches for tackling this problem. An increased interest has been observed in culturing
biofuels at a global & national level as a potential substitute for fossil fuels. These biofuels gained
much popularity due to their capability of reversing impacts of climate change & reduction of
emissions of GHG. These are considered as one of the profitable options due to their cheaper
synthesis. This reduces the burden on the natural energy resources thereby conserving the
environmental health. Biofuels or more specifically biodiesels have captured researcher’s attention
owing to their tremendous advantages over fossil fuels & flexibility of feedstock conferred by them.

1.3. Advantages of Microalgae for Biofuel Production

The hunt for discovering potential energy alternatives for fossil fuels has led us to microalgae-
derived biofuels & bioproducts [3]. They have gained much attention due to ability to grow rapidly
and thrive in diverse conditions, including extreme environments, makes cultivation cost-effective
and versatile. Moreover, the natural oils it forms hold great potential for biodiesel production, while
its lipid compounds offer promise as aviation fuel. Simultaneously, its high biomass cultivation aids
in carbon dioxide sequestration, mitigating greenhouse gas emissions. Additionally, its application
in wastewater treatment not only purifies water but also contributes to nutrient recycling. Ultimately,
the production of biodegradable and eco-friendly biofuels underscores its significant role in fostering
a greener, more sustainable future.

1.4. Chlorella Vulgaris: A Robust and Lipid-Rich Microalga

The experimental studies of microalgae have become a research topic of utmost importance in
recent decades as they are primarily characterized as raw materials for chemical compounds; which
have been influenced by their primary & secondary metabolism. In a nutshell, the innumerable
advantages of the employment of a microalgae culturing system can be summarised as easy & rapid
cultivation, and growth possible even from wastewater. The Chiorella vulgaris are the species of
microalgae of the order Chlorococcales of the Oocytaceae family. They belong to the genus Chlorella. The
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shape of chloroplasts is spherical with a size of 1-10 microns & also contains chlorophyll which
imparts a green color to the species [4]. In conjunction with chlorophyll, they comprise of substantial
amount of intracellular lipids, proteins, vitamins such as Bl, B2, B6 & B12, [3-carotenes, C,
carbohydrates et cetera. This can be attributed to their large-scale usage of Chlorella vulgaris for food
supplement preparations, industrial cosmetic productions, clinical applications, wastewater
treatment involving heavy metal detoxification & much more. These strains have been found to grow
easily and relatively quickly based on their metabolism type whether it is mixotrophic, heterotrophic,
or autotrophic. Experimental studies have shown that the highest biomass productivity has been
observed in the case of mixotrophic medium or when photobioreactor systems have been employed.
This data extracted from such studies significantly helps us to optimize the microalgal culturing
system and to pool maximum benefits from these strains for improving the standard of living of the
human race.

2. Sustainable Cultivation of Chlorella vulgaris for Biofuel Feedstock

The energy needs of the world are reaching skyrocketing limits with each passing day. There is
an increasing need to find efficient alternatives for energy extraction to keep up with the pace of this
robust development. In the present era, third-generation biofuels extracted from microalgae are
considered as one of the most practical approaches for meeting energy needs [5]. These third-
generation biofuels possess the capability of overcoming the challenges faced by the first & second-
generation biofuels. As per the extensive literature survey carried out, it was found that numerous
Chlorella vulgaris stresses have proven to be apt as a potential biofuel generator.

2.1. Strain Selection and Improvement Strategies

Microalgae is found to be an emerging sustainable energy alternative owing to their qualities
like the capability to accommodate large-scale lipids, high productivity & rapid growth rate.
Screening of suitable strains of Chiorella vulgaris is pivotal for the success of exhaustive production
under certain climate & environmental situations. In conjunction with high productivity & rapid
growth rate, the ability of the strain to grow in wastewater should also be considered as it proves to
be an important deciding factor for the economic feasibility of the specific production scheme [6].
Microalgal bioprospecting is the foremost step while optimizing a novel biotechnological candidate
strain. The crucial step in the bioprospecting process is sample collection from a pool of species
inhabiting aquatic & terrestrial areas. The source of isolating rich microalgal strains can be
enumerated as marine, freshwater & terrestrial environments, particularly including coastal areas,
rivers, lakes & soil. It has also been found that microalgae can also be extracted from extreme habitats
ranging from lithospheric, and cryospheric lands & desert sands due to their ability to withstand
intense environmental conditions [7].

Chlorella vulgaris is known to be isolated from the samples extracted from the environment using
advanced microbiological techniques. Some of the isolation techniques employed for this task are
single-cell isolation, direct plating & serial dilution. The technique of single-cell dilution can be
carried out by generating clouds of aerosol in which each drop comprises a single cell of the target
strains; microscopy & fluorescence-activated cell sorting (FACS) [8]. In isolation based on
microscopy, the cells are primarily observed under a microscope and then the individual cells are
extracted via a micropipette. These sampled cells can be either inoculated into liquid media or plated
on a solid media. The primary objective of these methods is to ensure the extraction of pure strains
by separating possible confounding elements from the concerned projects [9]. There is an increasing
need to culture algal strains axenically for accurate characterization to produce high-yield products.

2.1.1. Natural Selection and Mutagenesis

Microalgal metabolites & biomass are considered excellent alternatives to renewable energy
sources on the background of both economics & ecology. To achieve biotechnological optimization
of Chlorella vulgaris which is financially viable it is inevitable to improve the efficiency of the cell
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factories. The two primary approaches for improving the cell factories are- random mutagenesis &
rational metabolic engineering [10]. The central idea of random mutagenesis comprises an incessant
exposure to chemical/physical mutagens; thus providing a phenotypic & genetic mutant diversity.
This has to be further evaluated for improved metabolic functions & required cell attributes. The
success of random mutagenesis is heavily dependent on a plethora of factors like the quality &
quantity of the light supplied, nitrogen and carbon supply [11]. Apart from the environmental factors,
the nature of the mutagen involved, its exposure duration & concentration are some of the
determining factors of the desired mutation.

This mutagen is responsible for inducing irreversible alterations in the genetic makeup of the
algal strain [12]. Its objective is to generate mutant strains possessing required phenotypic &
genotypic characteristics. Mutagens impact the DNA in a specific sequence as intercalating agents
can lead to the untwisting of DNA strands, disrupting the double helix structure. Meanwhile,
physical mutagens like ionizing or UV radiations induce single- or double-stranded breaks in the
DNA molecule, leaving it vulnerable to mutations. In some cases, physical mutagens can also cause
covalent binding between two pyrimidine bases, further altering the DNA sequence. Moreover,
various chemical mutagens are capable of causing alterations in DNA bases, introducing mismatches
or substitutions. Alkylating agents, another type of chemical mutagen, can form cross-links between
DNA strands, interfering with replication and repair processes, ultimately contributing to genetic
instability.

2.1.2. Genetic Engineering Approaches

Genetic engineering has always been coupled with microalgal biotechnology to extrapolate
maximal benefits from the process. The application of genetic engineering to microalgal strains has
led to conquering the intrinsic challenges of the metabolic limits imposed on the accommodation
capacity of biomolecules [13]. This approach is aimed at boosting the economic feasibility of the
overall production process. To elaborate, the data extrapolated from metabolic pathway maps,
genomic sequencing & other sources are the fundamental factors pivotal for characterizing the target
gene from the collected samples of microalgal strains. Considering the progress made in the genetic
approach for microalgal production, there is still a need to explore gene functional experiments, and
gene annotations even more to gain insights. In conjugation with the existing data, the multi-omics
datasets for microalgal strains can also be investigated for ameliorating the quality of products
derived from microalgae & biorefinery abilities [14]. Another approach for devising strategies for
strain improvement is the functional genetic investigation via high-throughput screening & genome-
scale mutant libraries.

2.2. Optimization of Growth Conditions for Biomass and Lipid Production

To determine the optimal conditions for efficient growth of the Chlorella vulgaris strain,
numerous studies were carried out to determine the values. The microalgal strains were subjected to
various pH, temperature, intensity of light, and salinity levels [15]. The ones that showed the most
efficient growth under certain sets of pH, temperature, light, and salinity conditions were considered
‘optimum’. The microalgal biomass was thus harvested & weighed and an attempt was made to
establish a correlation between the biomass and lipid production.

2.2.1. Light Intensity and Quality

The optimum growth of the Chlorella vulgaris strain & its associated lipid production was
examined by exposing the samples to varied light qualities and intensities such as 100-500 flux [16].
A direct relationship was observed between the growth of microalgal biomass and the growth & rate
of photosynthesis carried by the strain depending on the light intensities and their durations.
Experimentally, it was found that 400 flux is ascertained as the most optimal intensity supporting the
growth of the microalgae Chlorella vulgaris. The control variables for this experiment are Scenedesmus
obliquus, Chlorophyta sp., Desmodesmus denticulatus, and, Monoraphidium sp. as these recorded the
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highest values of absorbance [17]. The data extracted also proved that the light and dark periods
alternation is essential for photosynthesis as the formation of high-energy substrate nicotinamide
adenine dinucleotide phosphate (NADPH) & adenosine-5'-triphosphate (ATP) requires light to
stimulate the dark reaction to synthesize carbon skeletons.

2.2.2. Temperature and pH

Experimental conditions verified the fact that evaluation of temperature further leads to
enhanced microalgal growth & lipid accommodation. It was found that the optimal temperature for
the growth of the microalga Chiorella vulgaris is 30-35°C [18]. These studies were under the previous
experimental results obtained as evident from the extensive literature survey carried out.

Numerous pH levels were verified to check for the optimum value to significantly enhance the
productivity of the process by comparing the absorbance value of the samples. As per the exhaustive
experiments carried out, the microalgal strains are found to grow efficiently under acidic conditions.
The microalgal strain Chlorella vulgaris has been observed to grow optimally under a neutral pH 7
level. Chlorella vulgaris is known to adapt to a wide range of pH levels from 4 to 10; the greatest
productivity of biomass is observed at pH 9 to 10.

2.2.3. Nutrient Availability

The presence of essential nutrients during the growth of microalgal strains is a crucial
determinant for optimum growth. Even deficiency of any one of these essential nutrients will
significantly impact the growth of the strains thereby stunting the growth and compromising on the
lipid accumulation [19]. Nitrogen concentration is found to have a great impact on the growth &
biochemical make-up of the strains like highly reduced biomass accumulation capability as a
consequence of nitrogen deficiency. Thus, there is a close interrelationship between the nitrogen
balance of the strain and the biomass accommodation. Phosphorous plays a key role in cell division
activities, signal transduction, and most importantly induction of lipid accumulation.

2.3. Cultivation Systems for Chlorella Vulgaris

Microalgal strains possess the great ability to multiply at a faster pace. This ability can be
exploited by coupling it with advanced culturing systems to make these bioproducts as a potential
industrial starting material. Microalgal growth does not require pesticides, herbicides, freshwater &
fertile land for growth. Microalgae can also be grown employing wastewater such as palm oil milling
effluents & domestic sewage et cetera [20]. This ensures both ensuring the optimum growth of
microalgal strains as well as wastewater bioremediation. A model culturing system for microalgae
particularly The unicellular green algae Chlorella vulgaris is a prime option for sustainable biomass
production because it can grow in a variety of conditions and is tolerant of several light sources, including
artificial LED arrays and direct sunlight. This alga demonstrates effective gas exchange, facilitating the smooth
transfer of CO2 and O2 over the liquid-gas interface, hence promoting its growth rate and overall productivity.
We cultivate Chlorella vulgaris using simple methods like photobioreactors or open ponds, ensuring minimal
contamination due to its resilient characteristics and the use of basic sterilizing processes. The organism’s rapid
growth in limited locations allows for low production costs, resulting in high yields on tiny land plots and
maximum resource efficiency. Chlorella vulgaris possesses a unique set of characteristics that make it highly
useful for a wide range of uses, including biofuels and nutritional supplements. Additionally, it promotes the
use of cost-effective and sustainable production methods. On a broader perspective, the microalgal
culturing systems are characterized into two classes: photo bioreactor & open pond.

2.3.1. Open Pond Systems

One of the most primitive and simplest ways for microalgae harvesting is the open pond system.
The open pond is a primarily employed system for industrial use owing to its comparatively
inexpensive operation, maintenance & construction costs. Allied advantages include decreased
energy demand, easy of scale-up & operation. The open ponds which comprise natural water bodies
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like ponds & lakes; and artificial water bodies like raceways and circular ponds [21,22]. Occasionally,
a tank is also used for microalgae culture. It is one of the most co-efficient microalgae culturing
systems contemporarily. Though the need for cultivation area is high in the case of open pond
systems, cultivation from natural water bodies possesses lower cell density; thereby highlighting the
need for inventing a new efficient harvesting system. In conjunction, other challenges faced are
salinity and pH of the rainwater runoff significantly affect microalgal growth. This results in
increased turbidity of the water & leakage thus affecting the open pond system microalgae culturing
productivity.

There are also greater chances of bacterial or protozoal contamination which leads to the
generation of unstable & toxic bioproducts. The only solution to combat this problem is by cultivation
of microalgae that possess the capability of withstanding extreme saline & alkaline conditions as a
negligible amount of contaminants can thrive under such conditions [23]. It is also extremely tedious
to keep a check on the growth parameters such as intensity of the light & temperature due to the open
nature of the culturing system. Microalgae cultivation from natural sources is one of the most
common techniques known to man since time immemorial. The oldest evidence of harvesting
microalgae was done by the Aztec community where Spirulina was harvested from the lake Texcoco
in Mexico [24]. This culturing system is highly influenced by the growth condition provided by the
natural water bodies which will in turn influence the productivity of the process.

2.3.2. Photobioreactors

It is a photobioreactor system primarily employed for culturing microalgae in an enclosed
system. The main objective of this system is restraining direct contact with the environment thereby
curbing the degree of contamination of the cultured microalgae [25]. It possesses the capability of
overcoming most of the shortcomings of open pond systems. The size of the photobioreactor is more
compact than the open pond system therefore increasing the efficiency of land utility. It provides a
closed environment for avoiding contamination from the environment. It also provides highly
controlled growth conditions which helps in the generation of single-strain, contaminant-free
microalgae [26]. In conjunction, high biomass production per substrate is a result of the translation
of a controlled culture system into greater metabolic & nutrient efficiency. The major hurdle faced in
this system is the highly limited scalability owing to the numerous design flaws; thereby making it
financially unfeasible for industrial-scale production. The financial structure has also proved to be an
obstacle in this system. The different types of photobioreactors are:

(a) Tubular photobioreactor

They consist of transparent glass or plastic tubes stacked in horizontal, vertical, or oblique
alignment to maximize the process of capturing sunlight [27].

(b) Vertical column photobioreactor

They consist of cylindrical transparent tubes in vertical orientation & an air bubble sparger [28].
This system ensures the homogenization of the culture medium by allowing the effective transfer of
oxygen and carbon dioxide with the microalgae culture.

(c) Flat-plate photobioreactor

They consist of transparent rectangular compartments of 1-5 cm depth. There is a recirculating
air lift system that enables the mixing of the culture medium inside the reactor.

2.4. Integration with Wastewater Treatment and CO2 Capture

Microalgae have been studied since time immemorial; the various experiments carried out
resulted in exploiting microalgae for biomass production, carbon dioxide capture, wastewater
treatment management et cetera [29]. The technology of carbon dioxide capture & wastewater
treatment has been researched separately and was not integrated until this decade. The central idea
behind carbon dioxide fixation using microalgae is that microalgae utilize carbon dioxide as their
primary carbon source for all metabolic processes. This carbon dioxide bifurcation enhances algal
biomass production & also decreases emissions of greenhouse gases correspondingly [30,31]. In
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wastewater treatment, to curb the expenses of tertiary treatment of wastewater, the rapidly growing
microalgae culture approach-driven removal of nitrogen & phosphorus is employed. This two-way
approach also removes unwanted nitrogen & phosphorous from the wastewater and also results in
the formation of algal biomass.

Efficient microalgal production requires an ideal nutrient medium comprising all the essential
macro- & micronutrients in it for maximizing biomass productivity. The wastewater coupled with
carbon dioxide sparging proves to be an ideal medium for culturing microalgae. Various studies have
cited that the microalgae grown from wastewater possess greater photosynthetic efficiencies when
carbon dioxide is sparged into the culture medium [32]. Any process leading to an increase in the pH
leads to inhibition of the growth of the microalgae. Carbon dioxide sparging into the system helps to
maintain the pH within the optimum range of 7.5-8.0.

3. Biomass Harvesting and Processing

Microalgae offer diverse environmental and energy applications, including wastewater
bioremediation and biofuel production. Despite their potential, economic viability remains a
challenge [33]. Research focuses on utilizing wastewater for cultivation, adopting biorefinery
approaches, and developing cost-effective harvesting methods. Harvesting costs, representing a
significant portion of production expenses, are high due to microalgae's small size, low culture
densities, and negatively charged surfaces [34]. Efforts aim to identify economically viable and
efficient harvesting techniques to advance sustainable microalgal biomass production [35].

3.1. Harvesting Strategies

Table 1. Benefits and drawbacks of diverse methods for microalgal retrieval.

Harvesting method Advantages Disadvantages
A straightforward and rapid
Substance- induced technique. Chemical flocculants might be costly and
aggregation and No energy demands harmful to microalgal biomass.
settlings [36] necessary. Reuse of culture medium is restricted.
Affordable approach.

Permits the reuse of culture

Self and biological . Cellular composition modifications.
. medium. s . . ..
agglomeration [37] . Possibility of microbial contamination.
Harmless to microalgal
biomass.

Simple and budget friendly Takes time.

Risk of biomass deterioration.
method

Algal cake with low concentration.

Settling by Gravity [38]

Viable for Extensive
applications.

. Often necessities the utilization of chemical
Low-cost technique.

Air Flotation [39] . . flocculants. Impractical for harvesting marine
Require minimal space. ,
. . microalgae.
Quick operation.
Relevant to various Limited adoption.
Electric Field microalgal strains.
technique [40] Do away the use of chemical High energy consumption and equipment
flocculants. expenditure.
E high
nstire Mg recovery Likelihood of fouling / clogging raises
. efficiency. .
Sieving [41] operational costs.

Capable of separating shear-

.. . Maintenance of membranes is crucial.
sensitive organisms.
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Significant cost associated with membrane
replacement and pumping.

Swift process.

Attains high recovery . Costly approach. _
Spin method [42] efficiencies High-energy consumption.
P Versatile across mi'croal al Limited to high value product extraction.
. & Risk of cellular damage due to shear forces.
species.

3.1.1. Flocculation

Substance-induced aggregation and settling are essential for economically optimizing
microalgal harvesting processes, concentrating suspensions 20-100 times, and reducing energy
demands for dewatering. This method involves adjusting pH levels or adding electrolytes to induce
aggregation, while settling is encouraged through the addition of cationic polymers to promote
particle settling. Factors influencing this process include cellular concentration, surface properties,
coagulant/flocculant concentration, pH, and ionic strength. Magnesium ions, obtained from
wastewater or lime addition, have been effective coagulants, initiating charge neutralization and
sweep flocculation. Coagulant dose may vary with cell concentration and culture conditions,
influenced by extracellular polymeric substances (EPS) and ionic strength. Polyelectrolyte
flocculants, such as chitosan and cationic starch, bridge microalgal cells effectively in freshwater but
may be inhibited by high salinity in marine environments. While chitosan is effective and non-
contaminating, its cost limits large-scale applications, prompting exploration of alternatives like
cationic starch.

Sedimentation

Gravity sedimentation is a simple and energy-efficient method used for harvesting microalgae,
particularly for low-value end products like biofuels. However, its reliability is limited due to the
slow settling rates of microalgae, ranging from 0.1 to 2.6 cm/h, which can result in biomass
deterioration during the sedimentation process. To enhance microalgal settling, a
coagulation/flocculation step is often applied beforehand. Lamella-type separators and
sedimentation tanks are commonly used for microalgal harvesting through gravity sedimentation,
but they typically yield low concentrations without prior coagulation/flocculation [43]. Despite this,
microalgal auto flocculation can lead to improved recovery rates, with sedimentation tanks
considered a simple and cost-effective option [44].

3.1.2. Centrifugation

Centrifugation is a rapid but costly method for microalgal harvesting, primarily suited for high-
value products like unsaturated fatty acids and pharmaceuticals. While efficient in capturing
microalgae, centrifuges can damage cell structures due to exposure to high gravitational and shear
forces. Optimal harvesting efficiency requires longer retention times in the centrifuge bowl, especially
for small microalgal cells [45]. Although high capture efficiency demands more energy, lower energy
conditions can decrease overall production costs. Combining coagulation/flocculation with
centrifugation can reduce energy consumption and increase final algal concentration, making the
process more cost-effective [46].

3.1.3. Filtration

Filtration is crucial for dewatering microalgal suspensions after coagulation/flocculation to
enhance harvesting efficiency. It relies on a pressure drop across a membrane to facilitate fluid flow,
but membrane fouling by microalgal deposits and extracellular polymeric substances (EPS) hampers
performance, necessitating regular cleaning. While suitable for certain microalgae, filtration is less
common in large-scale processes due to high operational costs and membrane replacement needs
[47]. Tangential flow filtration (TFF) is preferred for smaller suspended algae, offering better anti-
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fouling performance. Microfiltration and ultrafiltration membranes are effective but energy-intensive
and require frequent replacements. High gradient magnetic filtration shows promise for efficient
microalgal harvesting, but major costs are associated with membrane replacement and pumping.
Microfiltration could be a more cost-effective option for handling smaller volumes, while
centrifugation emerges as a viable choice for larger volumes. Suggested pressure filtration designs
include chamber filter presses, cylindrical sieves, and filter baskets models [48].

3.2. Cell Disruption Methods

3.2.1. Mechanical Disruption (Bead Beating, Sonication)

Mechanical disruption methods such as pressing, bead-milling, ultrasound, autoclave, and
homogenization are energy-intensive and are most effective at high cell density preparations (50-200
kg/m3 dry weight). These methods are often combined with solvent techniques to extract lipids from
the cells. Additionally, pretreatments like acid/alkali and enzymatic actions are employed to improve
recovery ratios. Mechanical disruption is preferred as it minimizes chemical contamination and
preserves cellular functionality [49].

¢ Bead beating

Bead milling involves the use of a cylindrical compartment filled with high-velocity steel or glass
beads, which spin rapidly to mechanically disrupt cells. This method has been applied to various
microalgae species, including Scenedesmus obliquus, Spirulina platensis, and Monodus
subterraneous [50]. Bead milling, particularly with fine beads, has shown high efficiency in lipid
extraction, comparable to other methods like microwave treatment. However, scaling up bead
milling for industrial use poses challenges due to energy consumption [51]. Despite this drawback,
bead milling is considered one of the most efficient mechanical disruption methods for algae
processing, especially when used alongside solvents and at high cell concentrations [52].

. Sonication

Ultrasonication, or ultrasonic disruption, involves the application of high-frequency sound
waves to disrupt cell structures and release intracellular contents. This method offers several
advantages, including short extraction times, reduced solvent consumption, and enhanced
penetration of solvents into cellular materials, resulting in improved extraction -efficiency.
Ultrasonication achieves this by inducing cavitation, which generates microbubbles that collapse
violently, creating localized high temperatures and pressures that rupture cell walls [53].

However, ultrasonication also has limitations, including high power consumption and
difficulties in scaling up for industrial applications. The energy required for ultrasonication can be
significant, especially for large-scale operations, which may increase operational costs. Additionally,
challenges in maintaining consistent and uniform ultrasonic conditions across large volumes can
hinder scalability. Despite these drawbacks, ultrasonication remains a valuable tool in laboratory
settings and small-scale operations due to its effectiveness in extracting intracellular components
from various biological materials [54].

3.2.2. Chemical Disruption (Enzymes, Solvents)

e  Enzymes

Chemical solvents like alcohols, dimethyl sulfoxide, methyl ethyl ketone, or toluene can be used
for cell lysis, extracting lipid components from the cell wall and releasing intracellular contents [55].
However, it may denature some proteins, and it's not commonly used in large-scale processes.
Another method involves hydrolysing the cell wall with alkali but it incurs high chemical costs for
neutralization and may destabilize the product [56].

. Solvents

Using digestive enzymes is another approach to achieve cell lysis, as they break down microbial
cell walls. Different enzymes are used depending on the microbe; for example, lysozyme is effective
for digesting the cell wall of gram-positive bacteria by hydrolysing (3-1-4-glucosidic bonds in
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peptidoglycan. However, lysozyme is less efficient for gram-negative bacteria due to differences in
their cell wall structure.

3.3. Biomass Dewatering and Drying

e  Biomass Dewatering.

Flocculation is indeed used in both drinking water and wastewater treatment to aggregate
particles, making subsequent sedimentation or flotation easier. It's particularly useful for separating
microalgae from suspensions, making it a popular technology for microalgae dewatering.

e  Bio-flocculation

Bio-flocculants, derived from bacteria, microalgae, and fungi, contain carbohydrates, proteins,
humic substances, nucleic acids, lipids, and surfactants. They are used in various applications such
as water treatment, wastewater flocculation, sludge dewatering, metal removal, and soil remediation
[57]. Bacterial bio-flocculants are effective for microalgae harvesting and wastewater treatment,
surpassing chemical flocculants in effectiveness. However, their purification costs, involving
centrifugation and solvent washing, can be high, prompting the need for low-cost purification
methods [58].

. Electro-flocculation

Electro-flocculation, widely used in wastewater treatment, offers advantages like easy operation,
low chemical usage, and absence of residual anions in the solution. It has become a key alternative to
conventional flocculation processes. Microalgal aggregates produced by electro-flocculation are
typically collected using flotation. Operational factors include electrode material, electrolysis voltage,
current density, electrolysis time, pH, and microalgae suspension composition. Using an aluminium
electrode yields better dispersion destabilization compared to iron. Flocculation efficiency increases
with energy consumption, voltage, current, and reaction time [59]. Operational costs for electro-
flocculation are relatively low, making it a promising option for large-scale applications.

e  Spray drying

Spray drying rapidly dries liquid droplets using hot gases in a vertical tower, suitable for algae
production for human consumption. However, its high-pressure atomization process can rupture
cells, affecting product quality. Despite its efficiency, spray drying has high operating costs and
results in low digestibility compared to other methods like drum drying [60].

e Solar drying

Solar drying of algae is feasible in remote areas lacking energy grids, utilizing either direct solar
radiation or solar water heating [61]. Direct sunlight causes dehydration and alters the texture and
colour of algae, while solar water heating systems help regulate biomass heating. Solar drying is
weather-dependent and prone to overheating, but solar water heating systems offer better control
[62]. However, both methods are unreliable and may emit unpleasant odors, making them unsuitable
for human consumption. They may be acceptable for animal feed production due to lower capital
costs and simplicity [63].

e  Cross-flow air drying

Cross-flow air drying was used to dry wet Spirulina algae slurry with 55-66% moisture content
for 14 hours at 62°C, resulting in a good quality dried algae product 2-3 mm thick with 4-8% moisture
content. The drying process maintained the integrity of the cell walls of Chlorella and Scenedesmus
algae. Compared to drum drying, cross-flow air drying was found to be cheaper, and it was faster
than solar heat drying [64].

e  Vacuum-shelf dryer
In a vacuum-shelf dryer, Spirulina algae slurry was dried to 4% moisture content at
temperatures ranging from 50-65°C and a pressure of 0.06 atm. The resulting dried algae exhibited

hygroscopic properties and a porous biomass structure. However, the study noted higher capital and
operating costs associated with this drying method [65].
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4. Biofuel Production from Chlorella Vulgaris Biomass and Lipids

4.1. Transesterification for Biodiesel Production and Catalysts

Extensive study has been conducted on the transesterification of lipids of Chlorella vulgaris for
the purpose of biodiesel generation. In general, biodiesel refers to mono-alkyl esters of long chain
fatty acids that are obtained from vegetable oils or animal fats [66]. Biodiesel is synthesized by the
transesterification process, also known as alcoholysis, wherein lipids (fats and oils) are reacted with
alcohol (usually methanol or ethanol) to yield a mixture of fatty acid alkyl esters (FAAE) or fatty acid
methyl esters (FAME) and some by product such as glycerol [67].

he transesterification process involves a series of three reversible reactions, converting
triglycerides to diglycerides, then to monoglycerides, and finally to glycerol. At each step, an ester is
formed, resulting in the production of three ester molecules from one triglyceride molecule. This
process efficiently converts triglycerides, such as those found in vegetable oils, into fatty acid methyl
esters (FAME), commonly known as biodiesel [68]. Figure 1 illustrates the overall process of
transesterification, which is a chemical reaction employed to transform triglycerides into biodiesel
and glycerol. The process demonstrates the sequential reactivity of an alkoxide ion with the ester
bonds of the triglyceride, resulting in the creation of methyl esters (biodiesel) and glycerol via a
sequence of nucleophilic assaults and eliminations.
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The conventional transesterification process starts by extracting lipids from algal biomass using
a chemical solvent, and subsequently optimizing the reaction. Consequently, algal strains having a
high concentration of lipids are chosen [69]. The transesterification reaction employs two categories
of homogeneous catalysts: (i) base catalysts, such as sodium hydroxide (NaOH) and potassium
hydroxide (KOH) , and (ii) acid catalysts, including acids such as H.5Os, HF and HCI [70] and an
excess of dry methanol at atmospheric pressure and a specific temperature. Homogeneous catalysts
(acid and alkali) are the preferred choice for biodiesel production due to their simplicity and shorter
reaction time. Consequently, homogeneous catalysts are presently the catalysts that have been most
extensively utilized in the industry. Base catalysts allow for effortless optimization of activity,
contributing to their suitability for biodiesel production [71]. However, the main disadvantages of
base catalysts include the soap formation and requires extensive washing. Also, these types of
catalyst are not suitable with the feedstock that are highly rich in FFA [72]. In a study, Luna et al. [73]
explored the use of LiOH-pumice as a heterogeneous catalyst for in situ transesterification of
Chlorella sp., achieving a fatty acid methyl ester (FAME) yield of 47% under optimized conditions.
The catalyst was prepared via acid treatment and wet impregnation, showing effective lipid
conversion with high surface area and porous morphology. Another similar study worker utilized
calcium oxide (CaO) catalysts prepared from chicken egg shell waste for biodiesel production from
Chlorella vulgaris. The study optimized the transesterification process using response surface
methodology (RSM) and achieved a biodiesel yield of 92.03% under optimal conditions [74]. Jazie et
al. [75] achieved higher yields of biodiesel through in-situ transesterification using
dodecylbenzenesulfonic acid as a catalyst, highlighting its efficiency in reducing the cost of biodiesel
production. The in-situ transesterification process yielded larger amounts of biodiesel compared to
the two-step extraction-transesterification procedure. The ideal conditions for in situ
transesterification involved using an alcohol to biomass ratio of 15, maintaining temperatures of
338.15 K for methanol and 348.15 K for ethanol, utilizing a catalyst ratio of 25%, conducting the
reaction for a duration of 4 hours, and maintaining a mixing rate of 600 RPM. The results highlight
the efficiency of in situ transesterification when appropriate operational parameters are used to
improve biodiesel production. The key benefits of using homogeneous acid catalytic are high
catalytic activity, productivity with high FFA feedstock, and no soap generation. However, their
catalytic rate is slower than that of base catalysts [76]. While homogeneous catalysts are widely used
due to their efficiency and shorter reaction times, exploring heterogeneous catalysts offers significant
environmental advantages and simplifies the separation process from the final products.

Heterogeneous catalysts, another significant group of catalysts, have been extensively
investigated for biofuel production. They are gaining attention in biodiesel production due to their
environmental benefits and ease of separation from the final product. For example, NaOH/zeolite, a
heterogeneous catalyst for transesterification demonstrated significant efficiency, with a biodiesel
yield of 98% from Chlorella vulgaris. Also, these catalyst are easy to separate from the obtained
products [77]. Supercritical methanol with oxide catalysts, is another heterogenous catalyst, having
supercritical methanol in conjunction with oxide catalysts (a-Al203) has shown to enhance the yield
of fatty acid methyl esters (FAMEs), suggesting that complete dewatering of Chlorella vulgaris
biomass may not be necessary. This method promotes higher liquid product and FAME yields,
highlighting its potential for one-pot biodiesel production [78]. Table 2 provides a summary of the
various catalysts used for biodiesel generation from Chlorella vulgaris, focusing on their reaction
conditions and yields.
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Table 2. Comparison of catalysts used in biodiesel production from Chlorella vulgaris and their impact
on yields.

Characteristics of Molar Ratio Catalyst Temperature Time of Output Number of
Type of Catalyst of Methanol (% by of Reaction Reaction Percentage Ref.

Biodiesel to OiVFFA weight)  (C)  (minutes)  (wt%)  euse Cycles
Homogeneous . . .
Acid (Sulfuric  Medium chainfatty o4 Varied MicTOWave 3156%  Not specified  [79]
. acids irradiation
Acid)
In situ with . L . : o ifi
Sulfuric Acid High biodiesel yield ~ 1000:1 Varied 70 90 96% Not specified  [80]
Base Catalyst High biodiesel yield . o o
(NaOH/AI203) from algac Not specified 35 60 300 89.53% Not specified  [81]
Base Catalyst . .
(Subcritical 18R FAMEyield 1) None 175 a0 OPBAY 4 ecified  [82]
from wet biomass biomass
Water)
Ionic Liquid  High yield, noneed High water =~ Not Not Not 98.0% Reusable with 83]
([P4444][For]) for drying compatibility specified specified  specified P <2% loss [
CaO Effective for high ) o . e
Nanocatalyst FAME yield 9:0.6 4% 80 240 High Not specified  [84]
: i No trace of
SrTios High yield of FAMEsNot specified Nf)t, Supercritical N_OF Not provided catalyst in final [85]
Nanocatalyst specified methanol  specified
product
In si talyst- High FAME yield
nsity, Catalyst- - Hig V'€ Not specified None 220 30 6140%  Not specified  [86]

Free from wet algae

4.1.1. Catalysts and Reaction Mechanisms

e  Alkali-Catalysed Processes: Alkali catalysts like sodium hydroxide and potassium hydroxide
are widely used due to their efficiency in lower reaction times and higher yield outcomes.
Research by Salam et al. [87] demonstrated that a high biodiesel yield of 96% could be achieved
within 10 minutes using an alkali-catalysed reactive extraction method, despite the high free
fatty acid content in Chlorella vulgaris.

e  Acid-Catalysed Processes: Acid catalysts, such as sulfuric acid, are beneficial for feedstocks with
high free fatty acid content. A study by Kalsum et al. [88] explored the effect of microwave
irradiation on acid-catalyzed in situ transesterification, optimizing the yield to 31.56% under
certain reaction conditions.

e  Enzymatic Processes: Enzymatic transesterification using lipases offers a more environmentally
friendly alternative, with the potential for lower energy requirements and milder reaction
conditions. Tran et al. [89] cultivated Chlorella vulgaris ESP-31, in a photobioreactor with CO2
aeration, achieved high oil content (63.2%) and was used for biodiesel production via enzymatic
transesterification with Burkholderia sp. C20 lipase. Direct transesterification of disrupted
biomass (M-Il method) yielded a higher biodiesel conversion (97.3%) compared to extracted oil
(72.1%). The process effectively handled wet biomass with high water content and allowed
multiple reuses of the lipase without significant loss of activity.

The alkali-catalyzed reaction mechanism, depicted in Figure 2 (A), facilitates the
transesterification of triglycerides (TGs) found in vegetable oil to produce biodiesel. In contrast,
Figure 2 (B) illustrates the acid-catalyzed esterification process, which targets the conversion of the
free fatty acid (FFA) content of the vegetable oil into biodiesel. These two distinct mechanisms
represent essential pathways for the conversion of vegetable oil into biodiesel, showcasing the
versatility of transesterification and esterification processes in sustainable fuel production. Figure 2
(C) depicts the mechanism of lipase-catalyzed transesterification reaction.
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Figure 2. Transesterification reaction mechanism for the transesterification of triglycerides (TGS) (A)
base-catalyzed transesterification of TGS of vegetable oil to biodiesel; (B) acid-catalyzed esterification
of free fatty acid (FFA) content of vegetable oil to biodiesel. Reproduced from ref. [5] with permission
from Royal Society of Chemistry, Copyright 2019 (https://creativecommons.org/licenses/by/4.0/). (C)
the lipase-catalyzed transesterification reaction. Reproduced from ref. [90] with permission from
Springer Nature, Copyright 2019 (https://creativecommons.org/licenses/by/4.0/).

4.2. Alternative Biofuel Pathways

4.2.1. Hydrothermal Liquefaction

Hydrothermal processes, including hydrothermal liquefaction (HTL), effectively convert
biomass into bio-crude oil by using water as a solvent under high temperatures (250 to 374°C) and
pressures (up to 20 MPa). This method is particularly advantageous for processing high-moisture
resources as it bypasses the need for drying the biomass. During HTL, the combination of heat and
pressure hydrolyzes and breaks down lignocellulosic material, transforming it into a variety of
biofuels and chemicals. This conversion not only utilize the inherent water content of the biomass but
also enhances the efficiency and sustainability of biofuel production [91]. Hydrothermal liquefaction
(HTL) distinguishes itself from other thermochemical technologies like pyrolysis and gasification by
its ability to process wet biomass directly, eliminating the costly and energy-intensive drying step
required by other methods. This capability allows HTL to efficiently convert diverse wet feedstocks,
including food waste, microalgae, lignocellulose, and sewage sludge, into bio-crude oil. This
advantage not only rationalizes the conversion process but also enhances the economic feasibility of
biofuel production from various biomass sources [92-96].

Hydrothermal liquefaction (HTL) is a transformative technology that accelerates the natural
geological process of converting organic matter into crude oil from millennia to mere minutes. This
chemical process, similar to those occurring deep within the Earth over millions of years, efficiently
converts 85%-90% of organic matter directly into bio-crude oil and natural gas, offering a viable
alternative to traditional fuel production methods [97]. HTL effectively processes a diverse array of
wet biomass, such as food waste, microalgae, and sewage sludge, by breaking down complex
molecules like cellulose and lignin through chemical reactions including hydrolysis, decarboxylation,
and hydrogenation [98,99]. This conversion produces bio-crude oil with high energy density but also
with impurities like oxygenates, nitrogen, and sulfur that require refining before the oil can be used
as conventional fuel [100]. HTL generates several valuable by-products, including a nutrient-rich
aqueous phase, a gaseous phase primarily consisting of CO2, and a solid residue of minerals and char
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[101]. This output supports the creation of a sustainable, closed-loop system where the aqueous phase
can be recycled to grow more biomass or used in industrial applications, thereby enhancing
environmental sustainability.

In the hydrolysis stage of HTL, cellulose reacts with water under high temperatures, breaking
hydrogen bonds and reducing crystallinity. This reaction transforms cellulose into simpler sugars
like glucose and fructose, which further degrade into simpler hydrocarbons [102]. The specific
pathways of cellulose hydrolysis, including C-O-C bond cleavage, vary depending on whether the
medium is acidic, basic, or neutral [103]. For example, in an acidic medium, acid hydrolysis cleaves
glycosidic bonds between glucose units, while in a basic medium, an OH- ion attacks the anomeric
carbon. These variations illustrate the adaptable and complex chemistry of HTL, allowing for
optimized biomass conversion into valuable products [104,105].

The hydrothermal liquefaction of cellulose primarily involves the impact of cellulose
crystallinity on the degree of liquefaction, the yields of major reaction products such as glucose and
5-(hydroxymethyl)furfural (5-HMF), and the role of amorphous starting materials in the liquefaction
process [106]. On the other hand, the hydrothermal liquefaction of lipids, particularly in the context
of algae, focuses on the efficient conversion of lipids, proteins, and carbohydrates into biofuels,
highlighting the advantages of biofuels derived from renewable sources and the potential for
generating new income and employment opportunities [107,108] Figure 3.
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Figure 3. Chemical Reaction Pathways of Lipids in Hydrothermal Liquefaction (HTL). Reproduced
from ref. [109] with permission from Royal Society of Chemistry.

This process shows potential for being both scalable and sustainable in the field of alternative
fuel technologies. Exploring the ability of HTL technique to convert algal biomass into biofuel. Guo
et al. [110] investigated the continuous hydrothermal liquefaction (HTL) of Chlorella vulgaris in a
stirred tank reactor. They obtained an average biocrude yield of 36.2 wt% at the operating conditions
of 350°C and 24 MPa. The biocrude obtained was subjected to additional refinement using nickel
catalysts, resulting in a substantial enhancement of its appropriateness for the conversion into
gasoline, kerosene, and diesel fuel. This demonstrates the effectiveness of continuous hydrothermal
liquefaction (HTL) processes in the production of biofuels. In a similar study, Kumar et al. [111]
investigated the direct hydrothermal liquefaction (HTL) of microalgae to produce bio-oil using a
high-pressure batch reactor under subcritical water conditions. Three different microalgae samples,
namely Chlorella vulgaris, Botryococcus braunii, and Scenedesmus quadricauda, were examined under


https://doi.org/10.20944/preprints202405.0337.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2024 doi:10.20944/preprints202405.0337.v1

16

hydrothermal liquefaction with different water concentrations (1:6, 1:7, 1:8, 1:9 & 1:10 ratio) at a
temperature range of 200-320 °C, pressure of 60 bars, and a reaction time of 30 minutes. The highest
bio-oil (BO) yield achieved with S. quadricauda was 18 wt% at a 1:9 ratio. Analysis of the bio-oil via
gas chromatography revealed the presence of furan, phenol, acid, and ester derivatives. It was
observed that increasing temperatures led to higher BO yields due to polymerization reactions
converting small biomass components into heavier molecules. Additionally, FTIR spectra showed a
high percentage of aliphatic, phenolic, alcoholic, carboxylic, and hydroxyl groups in solid residues.
These studies highlight the significant impact that HTL can have on the biofuel industry, specifically
in terms of improving efficiency, promoting sustainability, and maximizing resource utilization.

4.2.1. Microbial Fermentation

Microbial fermentation is a process that involves the use of microorganisms to transform sugars
generated from lignocellulosic biomass into biofuels such as ethanol, butanol, acetone, iso-butanol,
lipids, and other value-added biochemicals like organic acids. Chlorella biomass, found to be a
carbohydrate-rich microalga, has been considered as a potential feedstock for bioethanol production
[111]. Additionally, different ethanol-producing microorganisms have been screened for their
potential in fermenting high-solids loadings of Chlorella biomass [112]. Building on the potential of
Chlorella biomass for bioethanol production, Rahman et al. [113] carried out a novel study explored
an integrated approach combining pretreatment, fermentation, and ethanol-assisted liquefaction to
optimize biofuel yield from Chlorella sp. In this study, the microalgal biomass was first pretreated
with dilute sulfuric acid to enhance carbohydrate availability. The fermentation stage utilized
Saccharomyces cerevisine and Pichia stipitis, two yeast species known for their robust ethanol
production capabilities. Notably, while both yeasts performed comparably at lower biomass
concentrations, P. stipitis demonstrated superior ethanol yields and more efficient glucose and xylose
utilization at higher biomass loadings. This indicates a significant potential of P. stipitis in processing
Chlorella-derived sugars into ethanol. Following fermentation, the introduction of ethanol-assisted
liquefaction enhanced the conversion efficiency, yielding an increase of 40.7% in crude biodiesel
production compared to traditional liquefaction methods. This integrated approach underscores the
efficacy of using advanced fermentation techniques with specific microorganisms to maximize
biofuel outputs from microalgal biomass. Furthermore, the high-density fed-batch cultivation of
Chlorella, particularly Chlorella sorokiniana, has proven effective for achieving high lipid yields. This
approach utilizes heterotrophic growth conditions to achieve dense algal cultures, which are essential
for reducing costs and enhancing the feasibility of large-scale biofuel production [114]. Additionally,
the integration of waste substrates from other industrial processes, such as the by-products of brewer
fermentation and crude glycerol, has been explored to cultivate Chlorella protothecoides. This not only
recycles waste but also maintains productivity, thereby supporting sustainable and economically
viable biofuel production [115]. Thus, these novel methods demonstrate the progressive
developments in the industry of biofuel manufacturing through the utilization of microalgal biomass.
These approaches provide avenues to increase output, decrease production expenses, and promote
the sustainability of biofuel technologies.

5. Valorisation of Non-Lipid Biomass Components

The adoption of renewable energy is essential as it guarantees ecological sustainability, energy
independence, and economic stability. The transition from using petroleum-based products to
biomass-based materials enhances the availability of renewable carbon feedstock [116]. The
microalgae culture produces biomass that is composed of a variety of unique components, such as
lipids, proteins, carbohydrates, and different inorganic species [117]. The composition of microalgal
biomass evolves depending on the unique species of microalgae and the environmental
circumstances during their growth. It is crucial to acknowledge that the distinctive makeup of
microalgal biomass can be utilized to determine its precise commercial value [118].
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5.1. Protein Extraction and Utilization

Microalgae rely on proteins for catalytic mechanisms that enable their metabolic processes to
function optimally [119]. These processes are vital for the survival and growth of microalgae. For
instance, proteins are involved in the regulation of metabolic pathways, energy production, and the
synthesis of essential molecules. The interaction and energy exchange between chloroplasts and
mitochondria have been found to increase the growth of microalgae and the production of hydrogen,
highlighting the significance of proteins in metabolic processes [120]. Proteins also serve a structural
role in microalgae by providing scaffolds for the assembly of chlorophyll molecules under visible
light and for harvesting chloroplast complexes [121]. This structural support is crucial for the efficient
utilization of light energy in the process of photosynthesis, which is essential for the survival and
growth of microalgae [122]. The nutritional value of proteins in microalgae is determined by their
composition and the quantity of amino acids they contain [123]. Amino acids, as the building blocks
of proteins, make up the majority of these essential macromolecules. The composition and quantity
of amino acids in proteins are key factors in determining their nutritional value, which is significant
for the overall health and growth of microalgae [124]. The extraction and processing of basic protein
from microalgae is a critical execution that commonly follows biomass generation in open or closed
culture methods [125]. Recently, attempts have been made to produce microalgae strains that are
adept at secreting recombinant proteins in the growth medium, exhibiting encouraging results
[126,127]. These findings have substantial ramifications for biotechnological applications and the
food and feed industry. This specialized technique enables for the focused manufacturing of certain
proteins, catering to the demands of niche markets with precision and efficiency. The generation of
crude proteins utilizing microalgae farming based on the biorefinery idea is highlighted as a robust
technology with easy scaling [128,129]. This technique strives to meet the demand of the food and
feed markets efficiently. The integration of microalgae farming with the biorefinery idea offers a
sustainable and economically effective approach for manufacturing crude proteins from microalgae
[130,131] Figure 4.
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Figure 4. Integrated approach for wastewater treatment and biofuel production in microalgae
biorefineries. Reproduced from ref. [132] with permission from MDPI, Copyright 2019
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The varied content and structure of microalgae cell walls underscore the necessity to screen for
commercial strains that can be disrupted by traditional means [133,134]. For example, T. suecica is
more vulnerable to rupture than Chlorella sp. and Nannochloropsis sp., and the average energy for
disruption of an individual cell of T. suecica is 17.4 p] [135], equating to a precise disruption energy
of 673 J/kg of dry microalgal biomass. The establishment of highly effective methods for disruption
of microalgae cells is vital as the energy required is substantially lower than the energy employed in
a disruption process [136,137]. Mechanical procedures such as high and low-pressure homogenizers
and bead mills offer considerable potential compared to other disruption approaches [138-140].
Microalgae proteins are isolated from cellular detritus by their dispersibility in water and by the
differentiation of the protein-rich aqueous phase from the solid phase. Centrifugation is primarily
employed for this purpose, although its rapid acceleration and low temperatures may limit its
scalability to microalgae farms. The dispersion of proteins in the aqueous phase is critical for
successful separation. The connection between protein-protein and protein-water interactions drives
protein dispersion. The most critical criteria for effective dispersion of proteins are ionic strength and
pH [141]. At low ionic strengths, charged ions diminish the dielectric constant of water and salt
bridges connections between proteins, boosting interactions and dispersibility [142]. However, in
systems with high salt concentrations, proteins compete with salts for water molecules, limiting
protein-water interactions and dispersibility. The degree of dispersibility diminishes as the pH is near
their isoelectric points, resulting to more interactions between proteins. Conversely, pH values too
divergent from the isoelectric points enhance dispersibility [143,144]. Most marketed microalgae
proteins have specified isoelectric points, which can be modified to increase protein recovery yields.
A contemporary technology for separation of microalgae proteins is the three-phase partitioning
system. This technology fractionates microalgae components in nonpolar and polar phases, while
proteins are retained in the intermediate phase using a mixture of ammonium sulfate and t-butanol
[145]. The utilization of optimal conditions resulted in a protein extract of Chlorella pyrenoidosa with
a concentration of 78% (wt/wt), however significant concentrations of ammonium sulfate and
solvents were necessary for high protein yields. Reducing chemical inputs is critical for the
application of this technology in commercial synthesis of microalgae proteins [146]. Protein
purification and separation from microalgae, though complex and costly, yield high-purity proteins
(90% to 98%) that find potential applications in health markets [147]. Chromatographic methods,
including molecular exclusion, ion-exchange, affinity, and hydrophobic interactions, enable the
isolation of single proteins for diverse scientific studies, such as analyzing amino acid profiles, three-
dimensional structures, and antigen activity [148]. While affinity chromatography offers high purity
and functionality, it necessitates specific stationary phases, potentially increasing operational costs
[149]. Additionally, hydrophobic interactions can be optimized by introducing salts to the medium
to enhance the exposure of hydrophobic groups to the matrix, overcoming purification efficiency
limitations.

The research and development of algal protein processing and utilization is a burgeoning subject
in biotechnology and sustainable nutrition. Algal proteins have many potentials uses notably
functional additives, nutrient-dense supplements, and animal feed. Innovations in biochemistry and
technology enable large-scale manufacturing economically viable. The convergence of bioprocessing,
genetic manipulation, and bioreactor engineering holds potential for commercializing algal protein
commodities, encouraging a more sustainable approach to global food security and resource
management.

5.2. Carbohydrate Conversion to Biofuels or Bio Products

Microalgae possess diverse kinds of carbohydrates, including sugars, glucose, starch, and
polysaccharides [150,151]. These carbohydrates serve an integral part in the synthesis of other
biochemical molecules in algae, both in terms of their structure and metabolism [152,153]. Microalgae
species have the ability to create significant amounts of carbohydrates, which makes them a valuable
resource that has the potential to be commercialized. Microalgae, with their lack of lignin and
structural polysaccharides, are potential biofuel feedstocks [154]. Starch, a more advantageous
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substrate, doesn't require costly pretreatment and can be processed using existing bioethanol
infrastructure [151,155]. However, improving carbohydrate and starch productivity is needed for
algal biofuel production to be economically efficient and sustainable. Microalgae that have an
elevated level of polysaccharides can be utilized as a substrate for bioethanol production. Prior to
therapy, the cell membrane might be disrupted, resulting in the conversion of intricate
polysaccharides into uncomplicated sugars [156]. The lack of lignin in microalgae can streamline the
pretreatment and hydrolysis procedure [157]. Hasin et al. (2020), performed a study on the utilization
of Scenedesmus obliquus, a microalgae species rich in carbohydrates, as a raw material for the
development of bio-ethanol. They did pre-treatment, fermentation, distillation, and characterisation
of the raw sample. The cellulose percentage of the SO was determined to be 53.08%, indicating its
viability for bio-ethanol production [158]. Lee et al. (2017), performed an experimental investigation
on carbohydrate-rich microalgae Scenedesmus dimorphus to examine the link among pretreatment
and fermentation process. They performed distinct hydrolysis and fermentation and simultaneous
saccharification and fermentation tests, examining the fermentation response of the microalgae
biomass that received organosolv, enzymatic, and acidic pretreatment. Analysis demonstrated that
an amalgamation of these treatments was most efficient in producing fermentable sugar for the
ensuing fermentation process. The organosolv process, followed by SSF, provided a potential
bioethanol yield above 90% [159].

The study by Ghadain et al. (2021), concluded that 2% H2504 was the optimum treatment
method, resulting in the highest amounts of reducing sugars, total carbohydrate, and bioethanol.
They investigated the chemical and physical prior treatments of Chlorella vulgaris biomass. It
discovered that acidic processing using 2% sulfuric acid generated the greatest reducing sugars and
total carbohydrate concentrations, while pretreatment with alkaline solutions yielded the maximum
reducing sugars, total carbohydrate, and bioethanol concentrations. Physical preliminary treatments
were done utilizing microwaves and ultrasonication, with the greatest reducing sugars fermenting
to bioethanol at the 4th fermentation day [160]. Megawati et al. (2022), examined both the chemical
and enzymatic hydrolysis of C. vulgaris, subsequently performing fermentation. They employed
hydrochloric acid, sodium hydroxide, and potassium hydroxide catalysts and alpha-amylase +
glucoamylase enzymes. The hydrolysate was fermented using “Separate Hydrolysis Fermentation
(SHF) and Simultaneous Saccharification and Fermentation (SSF), both utilizing S. cerevisiae”.
Following five hours of enzymatic hydrolysis, the maximal glucose content was 81.39%, whereas
chemical hydrolysis achieved 73.39%. The study indicated that chemical hydrolysis was less
successful than enzymatic hydrolysis. The ethanol generated from SHF and SSF fermentation
techniques was 4.42 and 4.67 g/L, correspondingly [161].

Silva et al. (2023) claimed cultivation of Chlorella vulgaris in scale-up with reclaimed water has
considerable potential for third-generation biofuel production (Figure 5). They established an
approach to enhance the production scale of microalgae Chlorella vulgaris cultivated in distilled
recycled water, complemented with a modified BG-11 medium, for bioethanol production. The
biomass was pre-treated with sulfuric acid to promote carbohydrate extraction, and the hydrolyzed
solution was supplemented with YPD medium and yeast. The pre-treated sample gave the best
results, with an alcohol level of 68° Gay-Lussac) following distillation [162].
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Figure 5. Stages of bioethanol production. Reproduced from ref. [163] with permission from MDP],
Copyright 2019 (https://creativecommons.org/licenses/by/4.0/).

The conversion of carbohydrates to biofuels presents a viable option for sustainable generation
of energy and the synthesis of valuable chemical compounds. The complicated interplay of enzymatic
and microbiological activities, coupled with modern bioreactor technologies, emphasizes the
potential for scalable and efficient conversion methods. As research in this subject continues to
untangle the intricacies of metabolic pathways and genetic manipulation, the prospects for
improving yields and diversifying product portfolios become increasingly conceivable. The
interdisciplinary nature of carbohydrate conversion to biofuels or bioproducts needs continual
collaboration between biologists, chemists, engineers, and environmental scientists to propel this
emerging subject toward economic feasibility and global influence.

6. Techno-Economic and Life Cycle Assessment of Chlorella vulgaris-Based Biofuels

6.1. Production Costs and Economic Feasibility

Microalgae, being lignocellulosic biomasses, are recognized as highly versatile raw materials for
biorefinery systems. Consequently, the implementation of bio-refinery techniques becomes essential
to isolate various cellular components for the extraction of non-biofuel lipids and other potential
value-added products [164,165]. To achieve a successful biorefinery, comprehensive consideration of
the entire process is imperative, encompassing the selection of appropriate feedstock, utilization of
effective separation methods, and refinement of the end-product characteristics. Nonetheless,
contemporary approaches leveraging nanotechnology, such as cell pre-treatments or the use of fuel
additives, have the potential to mitigate costs. An alternative approach involves employing gentle
cell disruption and extraction techniques that preserve the integrity of macromolecules within the
cell, avoiding injury or denaturation. However, these methods must also be prioritized as being cost-
effective and energy-efficient. Microalgae possess inherent properties such as the capacity to yield
high amounts of lipids and adaptability to thrive in environments with low-quality soil and water,
while also synergizing with carbon dioxide sources. This characteristic has sparked significant efforts
to enhance the processing techniques for microalgae production, aiming to harness their potential for
biofuel generation and the synthesis of other high-value products [166]. Recent attention has been
directed toward advancing and scaling up the commercial potential of converting microalgae-based
feedstock into fuel, highlighting its significance in current research and industry endeavors. The
composition of microalgae biomass and its conversion efficiency are pivotal factors for the success of
biorefineries. However, environmental considerations also play a significant role in determining their
viability and sustainability. During the transitional phase from laboratory-scale to commercial
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production, techno-economic analysis (TEA) focuses primarily on two major factors: the feedstock
quality and availability, and the final productivity of the biofuel production process. These elements
are crucial in assessing the feasibility and economic viability of scaling up the production process
[167]. Selecting the appropriate feedstocks is essential as the efficiency of biomass breakdown to
produce fermentable sugars directly impacts the final cost. In biofuel facilities, annual operating costs
reveal that raw feedstock expenses and facility-related costs, such as insurance, maintenance, and
overhead, are the primary drivers influencing overall expenses [168]. In a Techno-Economic Analysis
(TEA) comparing the total production costs required for ethanol, butanol, and isobutanol, it was
found that feedstock accounted for the largest proportion, approximately 32%, of the overall cost
[169]. Lignocellulosic biomass stands out as an abundant and cost-effective renewable resource
capable of generating biofuel within diverse industrial settings [170].

The production of biofuel from microalgae has undergone thorough examination via TEAs.
Chen et al. [171] conducted a review of numerous papers published between 2010 and 2013, which
documented the costs associated with biodiesel production from microalgae, spanning from USD
2.52 to 85.36 per gallon. Algal biomass has proven to be an economically feasible feedstock source for
the production of biodiesel or ethanol, with selling costs falling below $5 per gallon for biodiesel and
$2.95 per gallon for ethanol [172]. Based on the outcomes of TEAs, a financially sustainable
biorefinery utilizing microalgae Chlorella vulgaris was established for treating paper industrial
effluents and producing bioenergy. In this scenario, with assumed parameters of 3% photosynthetic
efficiency, 75% lipid extraction efficiency, and 45% anaerobic digestion efficiency, the biorefinery
yielded a net present value (NPV) of EUR 15.4 million and an internal rate of return (IRR) of 12%
[173]. Several companies, such as Sapphire Energy, Algenol, and Seambiotic, have successfully scaled
up the production of bioethanol from algal biomass to a commercial level, achieving an annual output
of 1 billion gallons. The production costs are reported to be approximately 85 cents per litre [174].

7. Life Cycle Assessment-Based Biofuels

Life Cycle Assessment (LCA), also known as "cradle-to-grave" analysis, serves as an essential
tool for evaluating the environmental impacts of biofuels throughout their entire life cycle, from
resource extraction to final disposal. This comprehensive method assesses all phases of a product’s
lifecycle, including raw material extraction, production, use, and disposal, ensuring a thorough
understanding of its environmental footprint. Governed by the ISO 14,000 standards, LCAs provide
a structured approach to compare the economic efficiency and environmental impacts of biofuels
with fossil fuels, highlighting their potential benefits within changing energy matrices [175]. Research
in this field covers a variety of biofuels such as biodiesel, bioethanol, and biogas, offering detailed
assessments of their life cycles and environmental impacts. These studies not only explore the effects
of different biofuels across various production technologies but also contrast their impacts against
traditional non-natural fuels, analyzing each phase of biofuel production from cultivation to energy
conversion. The methodology of LCA itself significantly influences outcomes, affected by choices in
goal definition, inventory analysis, and impact assessment. Current procedures require refinement
to accommodate large-scale deployments, ensuring that LCAs can effectively guide decisions in
biofuel use and policy making [176-178]. Figure 6 illustrates the cradle-to-grave life cycle assessment
(LCA) process for the production and use of algae biodiesel in a passenger vehicle with a diesel
engine. The scope of the study encompasses various unit processes, starting with the cultivation of
autotrophic algae in open pond reactors. The biodiesel production uses wet lipid extraction, a
technique well-explored in LCA studies. Post-extraction, the algal residue undergoes anaerobic
digestion to generate methane, which is then utilized on-site for generating heat and power. The
diagram also details material and energy flows, highlighting waste and co-products that are released
into the environment and inputs required from external sources [179].
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Figure 6. LCA study scope for algal biofuel production. Reproduced from ref. [180] with permission
from Science Direct.

Efforts to understand and harmonize variability in life cycle assessment (LCA) studies on
microalgae biofuels have been explored through comprehensive reviews of methodologies and
results [181,182]. These reviews reveal that significant result variations stem from inconsistencies in
scope definition, assumptions, technological choices, and data sources. Prior harmonization efforts
focused on refining scope definitions [183]. Meta-regression analyses demonstrated regional
variations in greenhouse gas (GHG) emissions associated with producing third-generation biofuels
[184]. Resource assessments for microalgae biofuel scalability found wide-ranging GHG emissions
for biofuel production [14]. Recent LCAs have unveiled optimized microalgae-to-biofuels chains,
with GHG emissions of 39 g CO2-eq MJ-1 for diesel and 112 g CO2-eq MJ-1 for ethanol [185].
Integration of heat recovery, trainer recovery tower, and CO2 recycling effectively reduces life cycle
GHG emissions. Evaluations of microalgae oil and carbohydrates as feedstock for biofuel production
revealed the eco-friendliness of microalgae-to-butanol chains compared to microalgae-to-diesel
chains [186]. LCA of bioreactors for biodiesel production from microalgae indicated variations in
fossil energy requirements and GHG emissions, with notable reductions observed in pilot substrate-
based microalgal bioreactors [187]. In scenarios with high photosynthetic efficiency and biomass
productivity, microalgae biorefinery processes exhibit net CO2 consumption, highlighting their
potential environmental benefits [174].

7.1. Environmental Impact and Sustainability Considerations

Environmental impacts assess how various pathways react to stressors like resource depletion,
acidification, and global warming. These analyses identify industries prone to stress and indicate the
necessity for transitioning to more eco-friendly alternatives [188].

7.1.1. Nutrient Source

Microalgae cultivation necessitates optimal light intensity, carbon, nitrogen, phosphorus, trace
metals, and minerals. Typically, these nutrients are sourced from inorganic fertilizers, contributing
to carbon emissions. Using wastewater as a nutrient source can mitigate emissions and production
costs, offering an economically viable and environmentally friendly alternative [189]. Energy analysis
shows biodiesel production from Chlorella sp. in wastewater is energetically favourable, with
significant potential for biomass production [190].

7.1.2. Water Quality

Large-scale microalgae cultivation demands substantial water usage, potentially impacting
water quality through eutrophication and groundwater contamination [160]. Eutrophication, caused
by nutrient-rich water, poses risks to aquatic ecosystems [161]. Microalgae cultivation in open ponds
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may affect local weather and introduce pollutants to water bodies, necessitating proper pond
construction to prevent environmental leakage [162].

7.1.3. Land Use Change

While microalgae-based biofuel production offers land efficiency, pond construction can disrupt
ecosystems, displacing fauna and introducing invasive species. Land clearance for cultivation may
elevate greenhouse gas emissions, but innovative approaches such as biorefinery methods could
mitigate these emissions. For example, the conversion of croplands to biofuel production facilities
could potentially increase greenhouse gas emissions by up to 50% [191]. However, the
implementation of greenhouse gas sequestration methods could offset these emissions.

5. Conclusions

This Chlorella, a single-celled microorganism that undergoes photosynthesis, has attracted
attention due to its ability to quickly store lipids under various environmental circumstances. This
characteristic makes it ideal for biofuel production. This review paper examines the various
parameters that influence chlorella's biomass and lipid productivity, such as growing techniques,
carbon and nitrogen sources, and specific stress-inducing factors. In large-scale cultivation, the
process commonly depends on heterotrophic conditions,additionally, the inclusion of glycerol can
enhance lipid accumulation even more. Chlorella cultivated in the presence of light generally has
higher levels of antioxidants. Additionally, chlorella is capable of absorbing nitrogen from both
nitrate and ammonium, but the uptake of ammonium requires less energy. Customizing the nitrogen
supply based on the genetic characteristics of the Chlorella strain can enhance the lipid content.

Despite its considerable potential, Chlorella production faces significant obstacles due to the
exorbitant costs associated with cultivation, harvesting, and processing. In order to solve these issues,
creative solutions are needed. For example, it is important to pick Chlorella strains that can produce
a lot of biomass, do photosynthesis efficiently, and survive in harsh environments with high pH
levels, temperature changes, or osmolarity. Implementing tactics that prioritize the enhancement of
desirable by-product output can be advantageous for reducing production costs. In addition, the
establishment of extensive Chlorella genome databases could facilitate genetic engineering
endeavors aimed at producing strains with enhanced characteristics. Another issue of concern is the
earthy and grassy flavor of chlorella, which has hindered its popularity in food applications.
Developing cultivars with a less pronounced taste could increase its appeal.

Chlorella is a highly adaptable type of algae with great potential in renewable energy and
nutrient-dense meal production. Further exploration and advancement in these fields have the
potential to yield inventive techniques for cultivating chlorella, positioning it as a crucial contributor
in the pursuit of sustainable solutions.
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