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Abstract: Microalgae are emerging as one of highly promising and sustainable source for biodiesel production, thanks to their
exceptional growth rates and lipid yields throughout the year. They present a viable alternative to traditional biofuel feedstocks,
offering economic and environmental benefits. Their cultivation leverages waste streams and requires minimal land and water, thus
avoiding competition with food crops and preventing deforestation. However, the commercial viability of microalgae biodiesel faces
challenges such as low biomass concentration and high downstream processing costs. To overcome such obstacles, the necessity of
advancing in photobioreactors, innovating low-cost biomass harvest and oil extraction methods, and genetic engineering to enhance
fatty acid synthesis while reducing B-oxidation. Additionally, exploring algal-bacterial interactions can further boost microalgal
growth and lipid accumulation. By addressing these challenges, this means that microalgae will be able to make significant
contributions towards the global energy demand with a low environmental impact and hence play a key role in the transition to
renewable energy.

Index Terms - Algae Cultivation Systems, Biodiesel Production, Lipid Extraction, Microalgae Biofuel, Microalgae Biomass
Anaerobic digestion, Photobioreactors.

I. INTRODUCTION

The escalating demand for electricity, coupled with rising costs and environmental concerns associated with fossil fuel consumption,
has necessitated the exploration of alternative energy sources. As global warming continues to intensify due to greenhouse gas (GHG)
emissions—estimated at approximately 20 billion tons of €0, annually from fossil fuel.combustion [2]—innovative solutions are
essential. Among the promising alternatives, microalgae has gathered a lot of attention for their dual characteristics: they act as
effective carbon sinks and at the same time constitute a renewable source of energy.

Microalgae are photosynthetic microorganisms that thrive in various environments, including wastewater, saline water, and non-
arable lands, making them versatile and sustainable [1]. Their remarkable growth rates—up to 50 times faster than terrestrial crops—
along with high lipid content (20- 50 %) allow for substantial oil production, potentially yielding 15 to 300 times more biodiesel per
area than traditional oil crops [3]. This unique advantage positions microalgae as a viable feedstock for biodiesel, which is not only
biodegradable and non-toxic but also significantly reduces GHG emissions compared to conventional fossil fuels [4].

Furthermore, microalgae can utilize C 0, emissions from industrial sources, effectively recycling pollutants into valuable biomass
[5]. This characteristic enhances their potential as a sustainable energy solution while addressing environmental challenges. The
cultivation of microalgae can be accomplished through various methodologies, including thermal, chemical, and biochemical
processes, aimed at optimizing biofuel production [6].

Despite the clear advantages, commercial viability remains a challenge due to low biomass concentration and high production
costs. Advanced technologies, such as engineered photobioreactors and genetic modifications, are being explored to enhance growth
rates and lipid yields [7]. As research continues to expand, microalgae biomass could play a pivotal role in meeting future global
energy demands which is sustainably and cost effectively, positioning them as a critical component in the transition to renewable
energy sources.

Il. MARKET STATUS OF BIOFUEL PRODUCTION

The biofuel market worldwide has seen substantial growth recently, driven by the rising demand for renewable energy and
government initiatives to minimize greenhouse gas emissions. The International Energy Agency (IEA) projects that the global
biofuel market will grow to 2.4 billion liters by 2025, up from 1.4 billion liters in 2020. The United States, Brazil, and the European
Union are leading nations in this market, producing together more than 85 % of the world's biofuels.
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In the algae biofuel sector, the market was valued at around $8.64 billion in 2023 and is expected to grow to $14.34 billion by
2029. The market value in 2024 is expected to be around $9.4 billion, representing a Compound Annual Growth Rate (CAGR) of
8.81 % from 2024 to 2029.

I11. THE ROLE OF MICROALGAE IN RENEWABLE ENERGY PRODUCTION

Microalgae are increasingly being recognized as a more viable and eco-friendly solution for producing next-generation biofuels.
They have the unique ability to produce oil throughout the year, yielding significantly higher oil content than conventional crops.
Typically, microalgae oil content ranges between 20 % and 50 %, surpassing many other biomass sources. For biodiesel production,
microalgae can yield 15 to 300 times more oil compared to traditional crops, making them a highly efficient feedstock. The biodiesel
derived from algal lipids is not only highly biodegradable but also nontoxic, aligning well with environmental sustainability goals

[11[2]-

One of the most interesting characteristics of microalgae is their ability to grow in a variety of conditions, such as freshwater,
ocean, wastewater, and non-arable terrain [3]. This adaptability minimizes the environmental impact typically associated with
biofuel production, such as deforestation and competition for agricultural land. Additionally, microalgae require less water than
conventional oil crops, addressing water scarcity concerns in biofuel production [4].

Microalgae cultivation plays a vital role in carbon dioxide fixation, with studies indicating that approximately 1 kg of algae
biodiesel can fix about 1.83 kg of C0,. The C0O, mitigation rate varies depending on environmental conditions, showing rates of
50.1% on cloudy days and up to 82.3 % on sunny days, depending on different algae species [5], [6]. Furthermore, microalgae can
absorb essential nutrients like phosphorus and nitrogen from wastewater, providing an additional benefit of bioremediation [7].

The by-products of microalgae cultivation are also noteworthy. They include hydrogen, ethanol, biopolymers, carbohydrates,
and proteins, which can be utilized in various industries, thus enhancing the economic viability of microalgal biofuel production
[8]. The energy content of microalgal biodiesel exceeds that of many terrestrial plants, with a higher heating value of about 41 MJ/kg
in comparison to 37 MJ/kg for biodiesel derived from crops like soybean and rapeseed [9].

When selecting microalgae species for biofuel production, factors such as growth rate, oil content, and the complexity of
cultivation are crucial. Over 100,000 specieof algae exist, with varying compositions of proteins, oils, and carbohydrates. Research
has primarily concentrated on photosynthetic microalgae, especially those smaller than 0.4 mm in diameter, such as diatoms and
cyanobacteria. [10].

Isolation of pure algal strains has historical roots dating back to Robert Koch in the late 18™ century. Methods for obtaining
unialgal isolates include streaking, serial dilution, spraying, and isolating single cells [11]. Each method has its applications based
on the morphology and growth characteristics of the algal species involved.

Microalgae cultivation techniques are typically classified into two main types: open pond systems and closed photobioreactors.
While open ponds are inexpensive to build and easy to set up, they are susceptible to contamination and environmental condition
changes whereas closed photobioreactors maintain precise growth environment control, although at a higher construction and
operational cost [12], [13]. Each system's merits depend on specific project goals, resource availability, and environmental
considerations.

The nutritional requirements for optimal microalgal growth include essential elements like nitrogen, phosphorus, and trace
elements, with wastewater often serving as a viable nutrient source. However, pre-treatment is necessary to ensure that harmful
microorganisms do not hinder algal growth [14]. Additionally, enhancing C0, concentration in the cultivation medium has been
shown to increase algal productivity significantly [15].

1V. MICROALGAL BIOMASS AND BIOFUEL PRODUCTION

The initial and crucial phase in biomass production for biofuel involves the development of microalgae. The primary technigques
include phototrophic, heterotrophic, and mixotrophic methods, each adaptable to specific environmental and resource conditions.
Table 1 compares heterotrophic, mixotrophic, and phototrophic production methods across various factors like energy source,
productivity, and environmental impact. It highlights the differences in resource efficiency and scalability among these methods.

Phototrophic growth uses light as an energy source, while heterotrophic methods rely on organic carbon. Mixotrophic techniques
combine both approaches, optimizing growth rates and productivity. Efficient harvesting and extraction processes are essential for
converting the produced biomass into biofuels, making it a sustainable option for renewable energy production. Figurel illustrates
the process of converting microalgae culture into biomass and various products like biofuels, bio-products, and supplements under
stress conditions using light and CO,.
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Figure 1. Microalgae Biomass Flow Diagram.
4.1. Phototrophic Growth

This is a method considering sunlight and carbon dioxide. It can also be used in open pond systems, which, though inexpensive
and easy to scale up, are susceptible to contamination and variations in the environment. Conversely, Photobioreactors (PBRs) offer
controlled environments for better yields and purities, with much higher investment and operational costs.

(1) Open Pond Systems: These are the simplest and most economical for large-scale microalgae cultivation, typically in the
form of raceways or circular ponds. Used since the 1950s, they account for about 98% of commercial microalgae production.
Shallow ponds allow adequate light penetration, with paddle wheels or rotating arms ensuring uniform exposure to light and
nutrients. Advantages include low operating and maintenance costs and suitability for large-scale applications. However, they are
prone to contamination, environmental variability (e.g., temperature, light, pH changes), and poor control over growth conditions.
Despite these drawbacks, open ponds are popular due to their scalability and low energy requirements.

(2) Closed Photobioreactors: These advanced systems address the limitations of open ponds. Made of glass or transparent
plastic, they come in various designs like tubular, flat-panel, or bag forms. PBRs offer better control over the cultivation
environment, minimizing contamination and optimizing lighting, temperature, and carbon dioxide levels. This results in higher
biomass productivity and purity compared to open ponds. However, the high initial and operational costs make them less
economically viable for large-scale biofuel production. Maintenance and cleaning are also more challenging due to algae growth on
reactor walls.

(3) Annular Photobioreactors: These fully closed PBRs feature a culture medium passing through an annular space between
two concentric cylinders, often operating as bubble columns or airlift reactors with high mixing and gas transfer rates. Light enters
through the outer transparent surface, ensuring even distribution over the culture. Annular PBRs provide good control of growth
conditions and high volumetric gas transfer rates but are expensive to develop and maintain, making them more suitable for high-
value applications like pharmaceuticals or nutraceuticals rather than biofuels.

(4) Tubular Photobioreactors: These systems consist of long, transparent tubes circulating the algal culture via mechanical
pumps or airlifts. They offer a high surface area for light absorption, enhancing photosynthetic efficiency. Carbon dioxide is
introduced, and oxygen is removed through gas exchange mechanisms. While tubular PBRs provide excellent control over growth
conditions, they often face fouling issues as algae adhere to the inner tube walls.

(5) Flat Panel Photobioreactors: This design involves distributing the culture in thin layers across flat panels, maximizing
light exposure and photosynthetic efficiency through shallow light penetration. These reactors perform well with high-density
cultivation, allowing higher biomass production rates compared to other PBR designs. The thin-layer culture reduces light
attenuation, promoting better growth. However, scaling up these systems is challenging and expensive in terms of construction and
maintenance.

(6) Hybrid Systems: These systems combine the advantages of open ponds and PBRs. Initially, contamination-free inocula are
cultivated in PBRs and then transferred to open ponds for bulk production. This approach leverages the high purity and productivity
of PBRs while reducing overall costs by using open ponds. Hybrid systems are often used for producing high-value compounds like
astaxanthin.
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The process of cultivating microalgae in complete darkness, which means using organic carbon sources, such as glucose, instead
of light. Biomasses can be produced even at higher levels with this process; therefore, the methodology brings common applications
in industrial production, but still, the organic carbon cost remains a limiting factor.

The main advantage is that it allows for controlled growth conditions, leading to higher cell densities compared to phototrophic
methods. Microalgae such as Chlorella prototheorids have been successfully grown heterotrophically, producing significant amounts
of lipids, which are vital for biofuel. However, heterotrophic cultivation can be more expensive due to the need for organic carbon
sources, and only a limited number of species can grow in such conditions

4.3. Mixotrophic cultivation

This represents an approach that can combine both phototrophic and heterotrophic techniques whereby microalgae are able to
use both light and organic carbon. This highly flexible method affords higher biomass yield and is more economical in production,
especially using sources of organic carbon from waste streams. With this mode of metabolism, the energy required for respiration
in the dark is reduced, hence increasing biomass productivity. Organisms like Chlorella vulgaris can grow in such a mode, where
increased lipid production under mixotrophic conditions can be observed. Thus, this is a very promising strategy in biofuel
production, since this would increase the yield of lipids, one of the key factors necessary for viable biodiesel production.

Biodiesel production from microalgae is similar to first-generation biodiesel production using oilseed plants but with additional
complications. After cultivation, the biomass must be harvested, and the lipids extracted to undergo transesterification, converting
them into biodiesel [2]. However, microalgae cells, being smaller and suspended in water, are more difficult to harvest than
conventional oilseeds, making the process energy intensive and complex. Several approaches have been explored to address these
challenges, each offering distinct benefits and drawbacks [3].

Table 1. Comparison between Heterotrophic, Mixotrophic and Phototrophic.

Production Method

Energy Source

Feedstock Options

Productivity
Land Use
Water Use

Energy Input

Production Costs

Scalability
Carbon Footprint

Water Pollution
Risk
Land Use Change
Risk

Heterotrophic

Organic carbon
sources (e.g., sugars,
starches)
Flexible (e.g., corn,
sugarcane, waste
biomass)

High (e.g., 10-20
g/L/day)

Low (e.g., 0.1-1
ha/MW)

High (e.g., 1000-2000
L/MW)

High (e.g., 1-2
kWh/L)

High (e.g., $1-2/L)

High
High
High

Low

Mixotrophic

Both organic and
inorganic carbon sources
(e.g., CO2, sunlight)
Flexible (e.g., algae,
cyanobacteria,
agricultural waste)
Moderate (e.g., 5-15
g/L/day)
Moderate (e.g., 1-5
ha/MW)
Moderate (e.g., 500-1000
L/MW)
Moderate (e.g., 0.5-1
kWHh/L)
Moderate (e.g., $0.5-
1.5/L)

Moderate

Moderate

Moderate

Moderate

Phototrophic
Sunlight

Limited (e.g., algae,
cyanobacteria)

Low (e.g., 1-5 g/L/day)

High (e.g., 5-10
ha/MW)
Low (e.g., 100-500
L/MW)
Low (e.g., 0.1-0.5
kWh/L)
Low (e.g., $0.1-0.5/L)

Low

Low

Low

High

V. HARVESTING, EXTRACTION AND CONVERSION

Harvesting methods are crucial for optimizing the efficiency and cost of biofuel production, while the conversion of microalgal
biomass into biofuel requires a combination of biochemical and thermochemical processes.

5.1. Flocculation

Flocculation involves the addition of chemicals or other agents that induce the aggregation of suspended algal cells, facilitating
their removal from the aqueous environment [6]. This is done by neutralizing the negative charge on the algal cell walls, allowing the
cells to clump together and settle for easier harvesting [4]. Various agents, including alum or alkali, have been traditionally used,
though their toxic nature limits their use in biofuel production. Some strains of algae exhibit auto-flocculation or can be induced to
flocculate by introducing bacterial cultures [9].
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5.2. Centrifugation

Centrifugation is widely used in laboratory-scale experiments due to its efficiency in harvesting various microalgal species [7].
However, it is energy-intensive and not economically viable for large-scale biofuel production due to the high energy input required
to harvest a low-value product like biodiesel [6]. As the need for energy efficiency grows, alternative techniques that reduce energy
consumption are preferred for large-scale use [2].

5.3. Filtration

Filtration can be effective when the algal species involved form large colonies or grow as filaments, making the process simpler
[12]. However, most microalgae species are too small for this method to be practical, as the fine filters become easily clogged by the
small cell size and extracellular materials [5]. This limits its application unless specific algal strains are used, making filtration a
species-dependent harvesting method [13].

5.4. Sedimentation / Flotation

Some microalgae naturally exhibit sedimentation or flotation properties in stagnant water, which can aid in the harvesting process
[8]. This method is passive and energy-efficient but requires careful species selection and cultivation conditions to maximize yield.
The low energy input makes it an attractive option for initial biomass concentration, although it is not widely applicable to all algae
species [14].

5.5. Biofilm Formation

Recent research has explored the potential of biofilm-based systems for algal cultivation and harvesting. Microalgae can be grown
on surfaces, and the biofilm can be mechanically removed during harvest [15]. This technique simplifies the process and can yield
high biomass concentrations with minimal energy input [10]. Two systems have been developed: one using rotating drums in an open
pond system, and the other utilizing drip-watered surfaces. Both methods have shown promise for biofuel production but require
further research for large-scale application [13].

Biochemical and thermochemical are the most common processes usually involved in the conversion of microalgal biomass to
biofuel. The most commonly applied method for the production of biodiesel is the transesterification process, where the extracted
lipids react with methanol in the presence of a catalyst and the final products being biodiesel itself and glycerol as by-product. This
is a very efficient process, but it does require high use of purity lipids and cautious handling of the catalyst.

The microbial decomposition of biomass in absence of oxygen leads to the generation of methane-rich biogas. It is particularly
beneficial for wet biomass as it eliminates the energy intensive drying step. Thermochemical routes by pyrolysis and gasification are
yet other routes to biofuels. Pyrolysis is the heating of biomass in an environment devoid of oxygen. It produces-bio-oil, biochar, and
syngas. The latter process, gasification, renders only syngas when biomass is converted into it. The syngas produced this way can be
utilized for generating electricity or as a fuel. These methods are quite effective, although they involve very high temperatures and
huge energy input. There is another thermochemical route for converting biomass into biofuels; this is supercritical liquefaction. This
process applies very high pressure and temperature to biomass, degrading it into liquid bio-oil'without the use of any catalyst. Figure
2 shows the different methods for converting microalgae biomass into various energy forms, emphasizing its role as a renewable
energy source.

Fermentation
butanol

Methane,
hydrogen
Biochemical —
conversion Gasification Fuel Gas

Thermochemical J

Ethanol, acetone, J
conversion

Anaerobic
digestion

Pyrolysis Bio-oil, charcoal

Microalgae

biomass Liquefaction I Bio-oil J
Chemical reaction | Transesta,—;ﬁ:aﬁunl ] Biodiesel J

Direct combustion Power generation I Electricity J

Figure 2. Microalgae Biomass conversion processes.

This is a helpful deal with wet biomass, but it comes with high capital requirements and demands close control. In general, biofuel
production from microalgae exhibits a potential sustainable alternative for fossil fuel but with several drawbacks: cost, scalability,
and energy efficiency. Further, advances in cultivation techniques, especially in harvesting and extraction methods to conversion
technologies, will be critical to render the process economically viable and sustainable.
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V1. ECONOMIC VALUE

The commercial victory of large-scale bio fuel generation from microalgae will depend on its financial possibility. Key factors
that influences the cost include biomass yield, oil content, and the efficiency of downstream processes like oil extraction and
purification. The fluctuating price of petroleum significantly impacts the competitiveness of bio fuels.

6.1. Biomass Production Costs

One of the main parameters that affects the viability of algal biofuel production is the cost of biomass production. In this respect,
Norsker et al. (2011) conducted a study on several commercial production systems like open ponds, horizontal tubular
photobioreactors, and flat-panel photobioreactors. They concluded from their study that the estimated costs of biomass production
were €4.95, €4.15, and €5.96 per kilogram, respectively. However, these costs can be reduced to as low as €0.68 per kilogram if

light availability, mixing, photosynthetic efficiency, culture medium, and CO2 supply are optimized.
6.2. Formula for Algal Oil Cost
The cost of algal oil that can compete with petroleum prices can be estimated using the formula:

Caigal oil = 25.9 x 1073Cpetr0leum (621)

Here, Caga represents the price of algal oil per gallon, and Cperroleum IS the price of crude oil per barrel. This estimate is based on
the assumption that the caloric energy content of algal oil is about 80 % of that of crude oil.
From the energy equivalence between crude petroleum and microalgal biomass, the maximum price for biomass with a specific oil
content can be calculated using:

Epetroleum
M= - — (6.2.2)
q(1-W)Ebiogas+ YW Ebiodiesel

e Epetroleum is the energy content contained within a barrel of crude oil (~6100 MJ)
e (s the volume of biogas produced (ms3/ton)

e Wi is oil substance in biomass

e Y is the biodiesel yield

o Ebiogas and Ebiodiesel are the energy contents of biogas and biodiesel, respectively

VII. CONCLUSION

Microalgae, which have several advantages over conventional biofuel sources in terms of the environment and economy, offer a
promising and sustainable solution to the world's energy dilemma. Their capacity for quick growth in various settings, such as non-
arable land and wastewater, makes them a versatile and efficient feedstock for biodiesel production. Despite their many benefits,
including high lipid yields and carbon dioxide fixation, the high costs associated with biomass collection and oil extraction hinder
the widespread commercial use of microalgae biofuels.

Ongoing advancements in cultivation techniques, such as the use of photobioreactors, genetic engineering, and innovative harvesting
methods, have the potential to lower costs and improve efficiency. Optimizing metabolic pathways and exploring algal-bacterial
interactions can also enhance lipid production. As research in these areas progresses, microalgae could play a key role in the
transition to sustainable energy, significantly reducing greenhouse gas emissions and contributing to meeting global energy demands
in an environmentally responsible manner. However, realizing their full potential will require overcoming the current economic and
technological challenges.
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