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Abstract - As the world becomes increasingly dependent on
fossil fuels, it faces growing environmental and economic
challenges, particularly with carbon emissions and energy
sustainability. One promising solution involves using
photosynthetic microalgae, which can absorb carbon dioxide
and convert sunlight into energy-rich materials, such as
biofuels. Microalgae can grow on land that is unsuitable for
conventional farming and can utilize various types of water,
including seawater, making them an eco-friendlier option. A
critical technology for large-scale algae cultivation is the
photobioreactor (PBR), a controlled system designed to
promote algae growth by regulating factors such as light,
temperature, and nutrients. Recent innovations are integrating
PBRs with smart bio-panels, which capture solar energy,
generate electricity, and simultaneously facilitate carbon
dioxide removal from the atmosphere. Machine learning tools,
such as Support Vector Machines (SVM), are also being
employed to predict algal growth and optimize conditions for
enhanced productivity. However, microalgae utilize only a
small portion of sunlight for photosynthesis, and traditional
cultivation methods can result in energy inefficiencies and
increased salinity due to water evaporation. To enhance algae
cultivation, researchers are exploring methods to capture more
sunlight, including the use of specialized lighting systems or
genetically engineered algae strains. These advancements could
make microalgae a more efficient and sustainable source of
biofuels, bioplastics, and other valuable products, contributing
to the resolution of both energy and climate issues. Microalgae
offer a renewable, carbon-neutral alternative to fossil fuels and
could play a vital role in addressing global energy needs while
minimizing the environmental impact of conventional energy
sources. By integrating advanced technologies in cultivation,
renewable energy production, and carbon capture, microalgae
farming presents a sustainable approach to tackling energy and
climate challenges, offering economic and environmental
benefits.
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I. INTRODUCTION

Microalgae are a promising source of renewable biofuels,
particularly biodiesel. Many types of microalgae contain
substantial amounts of oils that can be converted into
biodiesel. For instance, Butyraceous Baruni possesses a high
content of hydrocarbons similar to those found in
conventional oil. Additionally, microalgae contain sugars
and carbohydrates that can be fermented to produce ethanol.
Algal biomass can be converted into biofuels through
processes such as gasification, pyrolysis, combustion, or
anaerobic digestion. Furthermore, microalgae can be directly
utilized to generate hydrogen. However, the energy balance
of microalgae cultivation and energy recovery remains
uncertain; the energy output must exceed the energy input
for it to be viable. Factors such as the specific microalgae
strain, cultivation conditions, and the chosen energy
recovery method significantly impact the net energy gain [1].

Microalgae are unicellular organisms capable of growing in
open ponds or specialized closed systems known as
photobioreactors (PBRs). PBRs offer advantages by
controlling light, temperature, and nutrients, resulting in
faster microalgae growth. PBRs also reduce the risk of
contamination by bacteria and other unwanted
microorganisms, which is crucial for medical and food-
related applications where sterility is required. The quantity
of microalgae produced is a key factor determining the
market viability of products derived from them. Higher
microalgae production results in greater quantities of
valuable compounds, making PBRs integral to the future of
the algae industry [2].

Certain microalgae species thrive under extreme conditions.
For example, Spirulina grows optimally in water with high
pH and elevated bicarbonate (HCO3™) levels, Daniella
salina thrives in saline environments, and Chlorella
flourishes in nutrient-rich water. Chrysotile can be cultivated
in outdoor raceway ponds due to its ability to withstand very
high pH levels. In contrast, microalgae that are sensitive to
extreme conditions may require growth in closed
photobioreactors. The cultivation method and environment
for microalgae growth depend on the specific species and
desired application [3].

This is an open access article under the CC BY-NC-ND license
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The demand for fuels is expected to increase with the rise in
vehicle ownership and economic expansion. As petroleum
prices continue to escalate, there is a risk of political and
military tensions. Conventional petroleum production faces
limitations, and the accumulation of atmospheric CO,
contributes to climate change. This necessitates exploring
alternative raw materials to produce fuels that can
complement or replace petroleum-based energy sources [4].

The world is confronting numerous challenges, including
global warming, hunger, and increasing energy demands.
Algal technology offers a potential solution to these issues.
Through photosynthesis, microalgae convert CO, into
carbohydrates, lipids, and proteins, thereby reducing
atmospheric CO, levels and mitigating global warming.
Additionally, microalgae are rich in proteins and can be used
to produce valuable products such as nutraceuticals,
cosmetics, and pharmaceuticals. Microalgae can also
generate  bioenergy, including hydrogen, biodiesel,
bioethanol, and biogas. Energy in microalgae is stored as
starch or triacylglycerols (TAGs) within lipid droplets,
which can be transesterified into biodiesel. Compared to
land-based energy crops, microalgae produce higher yields
of biomass and biodiesel [5].

Although many microalgae species have potential for large-
scale cultivation, there is insufficient commercial trial data
to determine their overall suitability. The ideal microalgae
strain for large-scale production should be resilient, capable
of thriving under diverse conditions, and produce significant
quantities of desirable compounds, such as oils, lipids, and
fuels [3]. Phototrophic microalgae represent a third-
generation biofuel source, with substantially higher biomass
and oil yields than first- and second-generation biofuels. For
instance, cultivating microalgae in open ponds can yield up
to 73 tons of biomass per hectare annually, with oil content
ranging from 25% to 40% [4].

Technologies aimed at carbon dioxide capture have been
developed to reduce global warming, with large-scale
cultivation of photosynthetic microalgae emerging as a
promising approach. This strategy either stores carbon in
algal biomass or uses it as a fossil fuel substitute. When
processed, algal biomass releases carbon dioxide or
methane, mitigating the emissions from fossil fuels.
Butyraceous Baruni is particularly well-suited for this
purpose, forming colonies and producing hydrocarbons that
comprise 30-70% of its dry weight, making it an effective
option for carbon capture and liquid fuel production [6].
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A. Life Cycle Assessments

Producing fuel from algae is not yet profitable. The cost of
growing and converting algae into fuel currently exceeds the
value of the fuel produced. This contrasts with other large-
scale algae projects aimed at creating high-value healthcare
products. For algae-based fuel to become profitable, it must
achieve energy efficiency, meaning that the energy output
from the fuel must surpass the energy input required for its
production. This extra energy is derived from sunlight
through photosynthesis. Energy efficiency is critical because
the entire process of cultivating and converting algae into
fuel must consume less energy than the energy provided by
the fuel itself.

The primary challenge in developing algae-based fuel lies in

achieving energy efficiency. Each step of the process, from
cultivation to fuel conversion, demands substantial energy.

AJEAT Vol.13 No.2 July-December 2024
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Numerous life cycle analyses (LCAs) have been conducted
to evaluate the sustainability of the overall system by
examining various processing options at each stage. These

studies typically focus on energy output and the greenhouse
gas emissions impact to determine whether producing fuel
from algae is sustainable [7], [8].
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Fig. 3 The algae-to-fuel process (% dw refers to the percentage of algae’s dry weight without ash) [7]

B. Extraction and Conversion of Algae

The U.S. Department of Energy has developed a plan for
producing fuel from algae. This plan categorizes the various
methods of converting algae into fuel into three main groups.
This work utilizes the same three groups to classify the
available options [7].

1. Immediate Release

Some types of algae naturally produce oil or alcohol that
floats on the water where they grow, eliminating the need for
extraction and processing. For instance, the algae
Butyraceous Baruni produces long-chain hydrocarbons that

can be readily converted into biofuel. However, this type of
algae grows very slowly, making it unsuitable for large-scale
biofuel production. Since this review focuses on algae
processing, these types of algae will not be discussed further

(71, [9].
2. Sequential Extraction and Conversion

Some types of algae can produce up to 50% of their weight
in oil, making it feasible to extract oil and convert it into fuel.
There are two primary methods for extracting oil from algae:
wet extraction and dry extraction. Following extraction, the
oil is typically converted into biodiesel [7], [10].
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Fig. 4 Different methods for converting microalgae into fuel [7]
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3. Turning Solar Energy into Biomass and Electricity

Algae utilize only a small portion of sunlight for growth,
primarily the blue and red spectra. The remaining sunlight
heats the water in which the algae grow, leading to issues
such as increased salinity, particularly in hot climates.
Capturing this unused sunlight and converting it into
electricity to support the algae cultivation process would be
beneficial. Photovoltaic greenhouses utilize solar panels
placed strategically to avoid blocking excessive sunlight
necessary for plant growth. However, excessive or poorly
positioned solar panels that obstruct too much light can
negatively impact plant growth [11].

Non-destructive techniques for the extraction of bio-oil and
bioethanol are currently being explored. Producing fuel or
chemicals from algae remains costly and energy intensive.
Efforts are underway to improve the efficiency of algae
cultivation, harvesting, and extraction processes. In parallel,
a novel approach known as “milking” is gaining attention.
This technique involves extracting the desired product, such
as oil, directly from the algae without killing and regrowing
them [11].

4. Using Machine Learning to Track Algae Growth

This study developed a specialized microscope to identify
different types of algae. The microscope utilizes light to
capture detailed images of algae, which are then analysed
using computer algorithms. These algorithms can
distinguish various types of algae based on their unique
light-absorbing properties. The researchers tested this
method on diverse algae samples and found it to be highly
accurate, even when different algae types were mixed.
Additionally, this method was employed to track the growth
stages of a specific type of algae with very high accuracy

[11].
C. Systems for Growing Microalgae

There are two primary methods for cultivating microalgae:
open ponds and closed photobioreactors.

1. Open Ponds

Growing algae in open ponds involves several steps. First,
select a sunny location that is sheltered from strong winds.
Next, prepare the pond by ensuring the soil is suitable,
levelling the ground, and constructing a barrier to keep out
unwanted substances. Then, fill the pond with water and add
nutrients such as nitrogen and phosphorus to promote algal
growth. Finally, introduce a small amount of the desired
algae to initiate the growth process [5].

The small number of algae added will grow and spread
throughout the pond. It is essential to monitor the pond to
ensure optimal algal growth. This includes checking
parameters such as water temperature, pH, and nutrient
levels. If necessary, additional nutrients can be added to
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support the algae’s growth. Once the algae have sufficiently
grown, they can be harvested through methods such as
filtration, centrifugation, or allowing the algae to settle. The
harvested algae can be processed into various products, such
as oil or protein, which can be utilized for fuel, animal feed,
or health supplements [12].

TABLE I MICROALGAE TYPES TESTED FOR PRODUCING
LARGE AMOUNTS OF BIOMASS [11]

Neo Chloris overabundance;
Scenedesmus dimorphous;
Butyraceous Baruni.
Chlorophyceas Daniella trioleate; Nannochloris
sp; Chlorella prototheorids.
Ancestresses Baruni
Euglenophycin Euglenas gracilise
. Tetra Selmis spp. (i.e. T. Chui
Prasinophycean and T. suecica)
Chrysotile carterae; Is Chrysis
Haptophyte galbana
. Nannochloropsis spp. (e.g. N.
Eustigmatophyceac salina, N. oculate, N. Gadi tana)
Bacillariophyceae Cyclotella cryptic a; Chartaceous
(diatoms) sp.; Skeleton Ema sp.
Cyanobacteria . L .
(blue-green algac) Arthrosporic (spirulina) platensis

To harvest the algae, they are separated from the water using
methods such as centrifugation, flocculation, or filtration.
The collected algae can then be processed to obtain useful
products [14].

2. Closed Photo Bioreactors

Closed photobioreactors are enclosed systems used to
cultivate microalgae. They are typically tube-shaped or
cylindrical containers made of glass or plastic. These vessels
allow light to enter while keeping contaminants out, thereby
providing a controlled environment for algal growth [11]. To
initiate the growth process, the reactor is filled with the
selected type of algae, along with a mixture of water,
nutrients, and carbon dioxide. The temperature, pH, and
other factors are carefully monitored and adjusted to
optimize algal growth [13].

II. LITERATURE SURVEY

Ishika, T. et al., [1] review the cultivation of different types
of saltwater algae together to produce biofuel more
sustainably. The authors discuss the benefits of this
approach, such as improved nutrient utilization, reduced
competition, and increased production. They also explore
various methods of cultivating these algae, including open
ponds and closed tanks, along with their respective
advantages and disadvantages. The review emphasizes the
importance of selecting the appropriate types of algae for co-
cultivation and provides information on the oil and biomass
yields of different algae species. Mathematical models can
be used to predict the effectiveness of this process.

AJEAT Vol.13 No.2 July-December 2024
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Fig. 5 Cultivation approach for saline microalgae in an open pond involves the use of solely seawater and recycled media [15, 3]

E.G. Parlevliet et al., [2] explore various light management
methods to improve the efficiency of algal photobioreactors.
The authors emphasize the critical roles of light intensity,
type, and duration in algal growth and lipid production. They
examine strategies for optimizing these factors through the
implementation of different technologies. The paper
discusses light management methods such as using special
materials to enhance light distribution, employing LEDs to
control light intensity and type, and incorporating solar
tracking systems to optimize sunlight angles. Additionally,

the authors explore the use of light guides and diffusers to
direct light deeper into the culture and the application of
reflective  materials to increase light efficiency.
Experimental results presented in the paper demonstrate how
different light management technologies impact algal
growth and lipid production. The authors conclude by
highlighting the significant potential of light management
technologies in improving the efficiency and scalability of
algal photobioreactors while stressing the need for further
research to optimize their application in commercial settings.

Transparent Photovoltaic
“Wavegulde™ ells
w Luminescent Spectrally 5
Dve Selective
i Coatings
Algae Cultivation System

Fig. 6 The diagram shows how wavelengths are selected and filtered using a luminescent solar concentrator [2]

Moheimani, N. R. et al, [3] provide a comprehensive
overview of the history and recent progress in growing
microalgae for biofuel production, along with future
possibilities. The article highlights the potential of
microalgae as a sustainable biofuel source, emphasizing
their high oil content and rapid growth rates. It explores
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different methods for cultivating microalgae, including open
ponds and photobioreactors, and examines the use of
wastewater and flue gas as nutrient sources. The article also
addresses the challenges of large-scale microalgae
production, such as high energy requirements and the need
for cost-effective harvesting and extraction methods.
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Additionally, the article discusses emerging technologies
and advancements in microalgae cultivation, including
genetic engineering and nanotechnology, which aim to
enhance productivity and efficiency. Because microalgae
can produce significantly more biomass per unit area than
traditional crops, they hold promise as a sustainable source
of biomass and carbon-neutral fuel in the future. Although
microalgae show considerable potential, it is unrealistic to
expect a single solution to enable large-scale biomass
production [16].

Zhang, W. [4] reports a study in which the authors applied
machine learning to predict and improve bio-oil production
from algae through hydrothermal liquefaction. Experimental
data on the hydrothermal liquefaction of microalgae was first
collected to produce bio-oil. This data was then used to train
a machine learning model. The trained model was employed
to predict bio-oil yields under various conditions and to
optimize the hydrothermal liquefaction process by
identifying the best conditions for maximum bio-oil
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production. The results indicated that the machine learning
model successfully predicted bio-oil yield under different
conditions. Furthermore, the optimized conditions identified
by the model produced significantly higher bio-oil yields
than the original experimental setup. The authors suggest
that machine learning could serve as a valuable tool for
improving biofuel production processes in the future [17].

Various biofuel production systems are incorporating
artificial intelligence methods, such as machine learning
(ML), to accelerate the development of technologies like
hydrothermal conversion and pyrolysis. These methods are
being utilized to predict and enhance the yield of char, oil,
and gas produced [18]. The authors compared the
performance of Random Forest (RF) and multiple linear
regression in predicting the yield and hydrogen (H) content
of bio-oil produced from biomass pyrolysis. The results
revealed that Random Forest outperformed multiple linear
regression, with an R? value between 0.80 and 0.90 [19].
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Fig. 7 Predicting bio-oil production from the hydrothermal liquefaction of algae [18]

Emeka G. Nwobaa et al., [5] describe a pilot-scale closed
photobioreactor system that wuses microalgae to
simultaneously produce both biomass and electricity. The
photobioreactor features a self-cooling system that maintains
optimal temperature conditions for microalgae growth. The
use of microalgae for both biomass production and
electricity generation represent an exciting area of research,
providing a sustainable and eco-friendly energy solution.
Microalgae can convert sunlight and carbon dioxide into
biomass and valuable compounds like lipids and
carbohydrates, which can be used in biofuels, animal feed,
and human food supplements. The photobioreactor is
designed to address key challenges in microalgae
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cultivation, such as maintaining optimal growth conditions,
preventing contamination, and enhancing productivity. The
closed system minimizes the risk of contamination and
stabilizes the growth environment, while the self-cooling
system controls temperature and prevents overheating. The
electricity generated can be used for various purposes, such
as powering pumps or other equipment within the
photobioreactor system. A unique feature of the IGP
photobioreactor is its ability to generate up to 67 W/m? of
electricity, while also increasing biomass production,
enhancing lipids and carbohydrates by over 14%, and
boosting total biomass by 71% [18]
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Borowitzka et al., [6] explore the potential of microalgae as
a biofuel source. The paper addresses various aspects of
microalgae production, including selecting suitable strains,
cultivation methods, harvesting and extraction techniques,
and conversion into biofuels. The authors highlight the
challenges hindering the commercial use of microalgae-
based biofuels, such as high production costs, difficulties in
scaling up, and competition from other biofuels. They
emphasize the importance of ongoing research and
development to make microalgae-based biofuels more
affordable and sustainable. The paper offers a thorough
review of the current state of microalgae-based biofuels,
making it a valuable resource for researchers and experts in
the field. While traditional biodiesel production relies on
methanol (metanalysis), some studies suggest that ethanol
(Ethan lysis) may produce an eco-friendlier and less toxic
fuel. However, Ethan lysis is generally more expensive [20].
Neither methanol nor ethanol mixes with triglycerides at
room temperature, and mechanical stirring is used to
improve mixing and create emulsions. In metanalysis, the
emulsion formed is unstable and quickly separates into two
layers: a glycerol-rich bottom layer and a methyl-rich top
layer. In contrast, the emulsion in Ethan lysis is more stable,
making it harder to separate and purify the ester [20]. To
scale up algal oil production for biofuels and replace fossil
fuels, efficient methods for producing algal biomass,
harvesting, extracting oils, and converting lipids into fuel are
needed at lower costs on a large scale [1].

R. R. Kumar [7] present an loT-based system for monitoring
water quality using a DHT sensor and Raspberry Pi. The
system tracks temperature, humidity, pH, and turbidity of
water in real-time. It is designed to be low-cost and efficient
for remote water quality monitoring. The Raspberry Pi
serves as the main processing unit, while the DHT sensor
measures temperature and humidity, and other sensors
measure pH and turbidity. The data is sent to a cloud server
for real-time analysis and monitoring. The system also sends
alerts to authorities through SMS and email if water quality
levels exceed safe limits [21].

A. Abdullah [8] introduce an IoT-based system for detecting
algae in aquaculture using machine learning. The system
integrates water quality sensors, image processing, and
machine learning to identify algae growth. Data was
collected from aquaculture ponds, focusing on water quality
and algae levels. Several machine learning models were
tested and compared, achieving high accuracy in detecting
algae. The system allows for real-time monitoring and
provides early warnings for algae blooms, aiding in
improved aquaculture management [22].

S. S. Igbal et al, [9] conducted a detailed study on
integrating Raspberry Pi and DHT sensors into IoT-based
smart home systems. The research aimed to design an
energy-efficient and user-friendly solution for monitoring
and controlling home appliances. The authors developed a
robust system architecture that facilitates smooth
communication between sensors, devices, and the central
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control unit. They also examined the proper integration and
calibration of DHT sensors to accurately measure
temperature and humidity. Furthermore, a simple
smartphone app was developed to allow users to remotely
control and monitor smart home devices. The study also
addressed challenges such as data security, system
scalability, and compatibility with existing smart home
systems. By tackling these issues, the researchers aimed to
create a comprehensive framework for smart home
automation, enhancing convenience, energy efficiency, and
overall quality of life [23].

R. K. Singh [10] developed an innovative loT-based smart
energy meter using Raspberry Pi and Arduino, which
improves energy monitoring and management. Their work
builds on previous research by Kumar et al., (2020), who
introduced IoT-based energy monitoring systems. The new
system offers real-time energy usage tracking, automated
billing, and alert notifications. Users can monitor their
energy consumption remotely, receive alerts for unusual
usage, and receive accurate, automated bills. The system also
optimizes energy distribution, reduces waste, and promotes
sustainable energy use [24].

III. CONCLUSION

In conclusion, smart algae bio-panels have great potential for
capturing carbon dioxide from the air and converting it into
biomass, which can be used as a renewable energy source.
These panels provide an eco-friendly method for reducing
carbon emissions and generating energy in locations such as
rooftops, facades, and urban landscapes, bringing renewable
energy closer to where it is needed. By integrating algae bio-
panels with systems like wastewater treatment, they can
simultaneously produce energy and assist in water
purification, adding further value. For algae bio-panels to
perform optimally, factors such as temperature, light,
nutrient levels, and the type of algae must be closely
monitored. Machine learning can be employed to predict
algae growth by analysing data on these conditions, as well
as historical data on algae performance. Although algae-
based energy production still faces challenges, particularly
the high costs associated with growing and harvesting algae,
the potential benefits are significant. Algae biomass can be
converted into biofuels such as biodiesel and bioethanol,
which could replace fossil fuels, reduce greenhouse gas
emissions, and combat climate change. With ongoing
improvements in technology and efficiency, algae bio-
panels could become a key solution for building a
sustainable, low-carbon future.
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