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ABSTRACT: Algal biotechnology is gaining importance because it has exciting prospects for dealing with issues such as energy
security, the environment and economic progress worldwide. This work reviews the latest achievements in algal biotechnology,
mainly exploring biofuels, methods for removing carbon and the production of bioproducts. We examine where we stand with
research, what new technologies exist and what we can anticipate in each field. The paper mentions the main issues and successes
related to growing algal biotechnological projects and connecting them to established industry and environmental services.
Finally, we offer examples of balance-related issues and suggest an approach for future work in this field.
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1. INTRODUCTION

Algal biotechnology, which applies biotechnology to algae, has attracted much notice lately because of its many benefits and uses.
Since algae are photosynthetic, they have impressive features that benefit several important industries. Such microbes are able to
generate many valuable substances, including biofuels, bioplastics and drugs, and they are key to protecting the environment. [1-3]
Algal biotechnology is most recognizable for its part in fighting climate change and pollution, as algae are very good at absorbing
carbon dioxide and other harmful materials. The goal of this paper is to provide an in-depth overview of the current progress made
in algal biotechnology, focusing on three important areas: biofuels, carbon capture and bioproducts. Because they have a high level
of lipids and can grow fast, algae have become a possible alternative to common fossil fuels for making biodiesel, bioethanol and
similar sources of renewable energy.

Work in this sector is focusing on finding new techniques to boost the number of lipids and improve ways to grow algae, so
biofuels from algae can be produced on a larger scale and at a lower cost. Algae are being used in ways that help remove carbon
dioxide from the air to lessen greenhouse gas emissions. Many investigations are underway that examine using algae in industrial
flue gases and for wastewater treatment, as they capture CO2 and various pollutants, deliver nutritious biomass, and help improve
environmental quality. Bioproducts are now made from algae, including bioplastics that solve the problem of plastic waste and
special pharmaceuticals and nutraceuticals that contribute to health and wellbeing. Experts are finding ways through genetic
engineering to increase how much omega-3 fatty acids, antioxidants and bioactive peptides are produced, which these industries
require in large amounts. Exploring these issues, this paper aims to explain the status of algal biotechnology, the obstacles it
encounters and the prospects that could significantly improve sectors such as renewable energy and managing the environment.

2. BIOFUELS

2.1. OVERVIEW OF ALGAL BIOFUELS

Algal biofuels have the potential to power our energy needs as they store a lot of lipids, can be raised in a short time and live in
nearly any type of water. [4] Since algae do not occupy valuable farmland, they become a popular choice for those seeking
sustainable biofuels. Researchers grow algae in photobioreactors or ponds, which give them control over the environment and help
boost biomass yield. Algae capture and use carbon dioxide when they grow, which improves their environmental advantages and
makes algal biofuels a good alternative for fossil fuels.

2.1.1. TYPES OF ALGAL BIOFUELS

Algae feed different kinds of biofuels, each different in nature and the procedure used to process them. Among many biofuels,
biodiesel is one of the most examined, [5-7] created by changing algal lipids into a fuel that works like diesel made from
petroleum. Producing bioethanol requires fermenting the carbohydrates from algae, so it can work as a renewable substitute for
gasoline. Furthermore, since algae can be anaerobically broken down, biogas is produced, and it holds enough methane to make
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energy. Now, scientists are turning their attention to making hydrogen using algae, a process that involves either photobiological or
dark fermentation. Various biofuels can be produced from algae, showing how they are powerful renewable resources.
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FIGURE 1 Algal biofuel production process

2.2. TECHNOLOGICAL ADVANCEMENTS IN ALGAL BIOFUEL PRODUCTION

Various recent inventions have made large-scale algal biofuel production much simpler. A significant focus is choosing and
altering the genes of algal strains to improve lipid content, cope with hardships and increase their speed of growth. High-
throughput techniques, as well as genomics and proteomics, help scientists locate the best strains for producing biofuels. The use of
CRISPR-Cas9 and RNA interference (RNAI) in algae is under consideration to help them produce even better biofuels. Advances
in growing techniques have resulted in open pond systems, photobioreactors and hybrid methods that manage both costs and how
much is produced. Photobioreactors are more protected from contaminants, even though they are more costly to maintain than open
ponds. With the help of vertical tubular and flat-panel reactors, scientists increase the amount of light and biomass being used,
which improves the overall performance.

2.3. HARVESTING, PROCESSING, AND CASE STUDY ON ALGAL BIODIESEL

Reducing the production costs of algal biofuel depends on efficient ways to harvest and process the algae. While centrifugation,
filtration and flocculation are the most common harvesting methods, they use a lot of energy. Scientists are finding new ways,
using magnetic separation and microbubble flotation, to lessen the need for energy and make the separation process more effective.
To create biodiesel, lipids can be extracted using solvent, mechanical or supercritical fluid techniques. Ultrasonic and microwave
techniques enable faster and safer methods for extracting natural products. In the US, a case study points to the progress achieved
in making algal biodiesel. Universities and private companies working together developed a method that produced 30% lipids by
weight and made biodiesel at a price of $3.50 per gallon. Because algae-based biofuels are competitively priced and produce fewer
greenhouse gases than fossil fuels, they could be a key factor in improving our energy future.

2.4. FUTURE PROSPECTS AND CHALLENGES

Although progress has been made, major obstacles still exist when trying to widely use algal biofuels. To make algae-based fuels
profitable, companies must improve their processes, use more automation and benefit from economies of scale. Water use, getting
the needed nutrients and having enough land are also important issues that need to be considered to succeed with algal biofuels.
Combining algae farming with current industrial operations such as wastewater treatment and carbon capture leads to greater
efficiency, sustainability and a lower impact on the environment. More research and large-scale production could see algal biofuels
help us transition to a low-carbon energy model, consume less fossil fuel and manage climate change.

TABLE 1 Key algal strains for biofuel production

Strain Name Lipid Growth Rate Optimal Temperature Optimal Light Intensity
Content (%) (doublings/day) °O) (pmol/m?/s)
Chlorella vulgaris 30-50 1.5-2.0 25-30 100-200
Nannochloropsis sp. 40-60 1.0-1.5 20-25 150-250
Phacodactylum 20-40 1.2-1.8 20-25 100-200
tricornutum
Dunaliella salina 10-30 1.0-1.5 25-35 100-200
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3. CARBON SEQUESTRATION

3.1. OVERVIEW OF ALGAL CARBON SEQUESTRATION

The role microalgae play in reducing emissions and producing biomass by helping to take carbon dioxide from industrial exhausts.
Carbon dioxide is emitted from the industrial facility, as seen in the diagram. Microalgae use CO: during their metabolism. [8-12]
The CA enzyme plays a role in allowing algae to break down CO- to useful carbonates. Once algae have transformed, they can
produce biomass and fatty acids, and those materials can later be turned into useful products such as biofuels. The process also
produces oxygen (0O:z) as a result, and it is released into the environment to help achieve sustainability. The biomass-building
metabolic cycle in microalgal cells can be followed by extracting the microalgal oil for use as a biofuel. The image makes clear
that microalgae could improve the fight against climate change and help generate energy from biofuels.
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FIGURE 2 Microalgal carbon capture and storage process

Working with algae is a new method that helps lower CO: in the atmosphere and creates biomass useful for many industries.
Algae, like plants, act on CO: through photosynthesis and make organic compounds from it, such as carbohydrates and lipids. This
approach avoids fueling climate change and supplies needed feedstock for different kinds of renewable products. Rather than
keeping carbon underground as other methods do, algae sequestration connects capturing carbon with growing useful resources,
making it a favourite choice for sustainable energy and the environment.

3.1.1. MECHANISMS OF CARBON SEQUESTRATION IN ALGAE

CO: absorption by algae and solar energy used in photosynthesis are the main ways algae remove carbon from the environment.
They are collected by algae, so the biomass can be harvested for additional uses. Performance of carbon capture is impacted by
factors including the type of algae grown, the growing environment and CO: concentration. Biomass is very important here
because the carbon in the algae is kept safe until it is either used to produce biofuels or stored for a long period in bioproducts.
Enhancing the environment for algae helps researchers increase how much CO- they capture and how much biomass is produced,
and this approach can be applied on a broad scale in industries.

3.2. TECHNOLOGICAL ADVANCEMENTS IN ALGAL CARBON SEQUESTRATION

Recent efforts in algal carbon sequestration are mainly about boosting how efficiently COs: is captured and how best to make use of
the biomass. It is predicted that strong CO: injection may boost algae growth in algal cultivation systems to form more biomass.
Such settings gain from this method, as it helps deal with CO: made from combustion, an outcome at power plants and cement
factories. Discoveries in flue gas collection mean algae can be supplied with CO: at no cost, while harmful emissions are diverted
away from industries. Using photobioreactors and open ponds in culture has helped improve the amount of CO: that is removed.
Photobioreactors let you control the environment and boost algal production, but open pond systems are cheaper but less efficient
for big projects.

3.3. BIOMASS UTILIZATION AND CASE STUDY IN CHINA
Carbon stored by algae can be turned into useful biofuels and important bioproducts, circularly completing the carbon cycle.
Making biofuel from algae helps cut back on fossil fuels and also makes use of captured CO.. Economic gains from using
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bioplastics and pharmaceuticals made with algae also increase the chances of success for carbon sequestration programs. China
provides an example of how algal carbon sequestration is applied successfully at a large industrial level. The plant installed an
algae system where flue gas was fed straight into the raceway ponds. Biomass produced from cellulosic farming was used for fuel,
capturing almost all CO: and producing 20 g of biomass per square meter each day. Biofuel costs about $4.00 per gallon, and using
the bioproducts created by wastewater led to more income and drew attention to the system’s positives for the environment.

3.4. FUTURE PROSPECTS AND CHALLENGES

Algal carbon sequestration is very promising, though a number of challenges must still be solved to encourage widespread use.
Scalability is a primary issue because current methods need to be improved and made more efficient to lower costs. Efforts are
being made to increase the growth of algae, come up with affordable harvesting methods and join carbon sequestration to existing
industrial activities. In addition, these technologies are spread more widely because of important policies and rules made by the
government. Using carbon credits, subsidies, and supporting research are ways to encourage industries to set up algal systems.
Improvements in the field may make algal carbon sequestration a major tool for fighting climate change and supporting a
sustainable bioeconomy.

TABLE 2 Key algal strains for carbon sequestration

Strain Name CO2 Fixation Rate (mg Growth Rate Optimal Optimal Light
CO2/g biomass/day) (doublings/day) Temperature (°C) Intensity (umol/m?/s)
Chlamydomonas 20-30 1.5-2.0 20-25 100-200
reinhardtii
Synechocystis sp. 15-25 1.0-1.5 25-30 150-250
Scenedesmus 25-35 1.2-1.8 20-25 100-200
obliquus
Chlorella 20-30 1.0-1.5 25-35 100-200
sorokiniana
4. BIOPRODUCTS

4.1. OVERVIEW OF ALGAL BIOPRODUCTS

Biotechnology applications for microalgae. Microalgae are shown in the center as a potential source of many valuable bioproducts.
[13-16]The document identifies four main areas where products made from algae are important: carotenoids, bioplastics, fatty
acids and biohydrogen (BioHz). They point to how microalgae can be used to replace products made from synthetic and petroleum
materials. Moreover, the diagram highlights important themes related to sustainability, technology, difficulties and advantages,
explaining what algal biotechnology means in wider terms.

The pigments called carotenoids are in the top left, and they are beneficial, being used often in pharmaceuticals and cosmetics.
Bioplastics shown at the bottom left are a more eco-conscious alternative to regular plastics because they lower our need for fossil
fuels. Fatty acids, at the bottom right, are needed for nutrition and medicines, and one of their main uses is in dietary supplements
of omega-3. At the top right, BioH. (biohydrogen) is shown, providing an example of how microalgae could help with renewable
energy generation. Having this representation makes it clear how important microalgal bioproducts are in different areas of
development.

There is a fast rise in algal bioproducts due to increasing interest in replacing petroleum goods with sustainable items in healthcare,
food and the materials business. Algae can produce many useful substances such as bioplastics, medicines and nutraceuticals.
People use them instead of traditional materials for their eco-friendliness, and they also contain important nutrients and bioactive
compounds that support human wellbeing. With algal biotechnology progressing quickly, scholars and businesses are paying more
attention to perfecting techniques that improve how much is produced, its cleanliness and earnings.

4.1.1. TYPES OF ALGAL BIOPRODUCTS

Bioplastics are among the most hopeful algal bioproducts, made from algal biomass with chemical or biological techniques.
Bioplastics are different from ordinary (conventional) plastics because they are biodegradable and less harmful to the environment
since they do not use fossil fuels. Bioactive products from algae, such as omega-3 fatty acids, carotenoids, and antioxidants, play a
crucial role in developing useful drugs and other treatments. Nutraceuticals extracted from algae contain a lot of necessary
proteins, vitamins and minerals. People use them in their diets, as dietary supplements and as ingredients in some foods, helping
them maintain health and wellbeing.
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FIGURE 3 Microalgae and bioproducts

4.2. IMPROVEMENTS IN TECHNOLOGY FOR ALGAL BIOPRODUCTS

4.2.1. POLYHYDROXYALKANOATES (PHAS)

Are among the newest innovations in algal bioplastic development, as they are produced by allowing algae to accumulate lipids
inside the cells. PHA production has been improved by using genetic engineering and metabolic engineering methods, so it can
serve as an alternative to synthetic plastics. Alginate, which comes from brown algae, is another significant biodegradable material
found in foods, medicines and medical items. Using advanced methods such as enzymatic hydrolysis and filtration with
membranes helps produce cleaner and more alginate, which makes it more useful in industry.

4.2.2. PHARMACEUTICAL PRODUCTION

Algae are abundant in omega-3 fatty acids, chiefly EPA and DHA, which greatly benefit both heart and brain health. Supply issues
with fish oil call for finding alternatives, and omega-3 found in algae is seen as a good option. Omega-3 productivity is being
improved in certain strains using genetic engineering and improved bioprocessing methods. Algae are responsible for making
carotenoids such as beta-carotene and astaxanthin, which are strong antioxidants and anti-inflammatory agents. Bioprocessing
methods, especially solvent extraction and supercritical fluid extraction, are being designed to ensure maximum recovery of
carotenoids without affecting their activity.

4.2.3. NUTRACEUTICAL PRODUCTION

Algal biomass is gaining attention due to its high protein content, which is why it’s useful in both food supplements and functional
foods. New approaches for separating and refining algal proteins are on the rise to make them more digestible and nutritious. Algae
are also high in vitamin B12 and iron, which are especially helpful for people who avoid animal products in their diet. Various
techniques, such as fermentation and enzymatic treatment, are being studied to help these micronutrients be more easily absorbed
by the human body.

4.3. CASE STUDY: ALGAL BIOPLASTICS PRODUCTION IN EUROPE

A European biotechnology company found a new process that allows bioplastics to be produced from algal biomass in sustainable
and cost-saving ways. They used genetic and metabolic engineering together to boost the amount of PHA that algae were able to
produce. Biomass after harvesting was treated through several processing methods to release PHAs, which were then employed to
create biodegradable plastics. The study found that PHA can be produced at an economical level, yielding 50% (w/w) while
producing bioplastic for $2.00 per kg, similar to other bioplastics. The mechanical features of bioplastics make them suitable for
use in packaging, health care items and items for consumers.
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4.4. FUTURE PROSPECTS AND CHALLENGES

To reach commercial success, several challenges must be taken care of in algal bioproducts. Reducing costs by improving
production processes and making things on a large scale helps compete against petrochemical products. To allow algal bioproducts
to be sustainable, it is necessary to carefully supervise water and nutrient usage in their production. Experts are examining how to
use a single algal system to produce different products so that resources are used more effectively. Algal products are also more
feasible when they fit into regular industrial workflows. One way is to grow algae in wastewater and industrial carbon dioxide, as it
reduces costs and deals with environmental problems at the same time. For industry-wide sustainability to happen, circular
economy principles will require algal bioproducts to replace non-renewable options. As new developments appear in
biotechnology, automation and bioprocessing, algal bioproducts will likely be essential to creating eco-friendly global industries.

TABLE 3 Key algal strains for bioproduct production

. Bioproduct . o Growth Rate Optimal Optimal Light Intensity
Strain Name Type Yield (%) (doublings/day) | Temperature (°C) (umol/m?/s)
Haematococcus Astaxanthin 1.0-2.0 1.0-15 20-25 100-200
pluvialis (carotenoid)
Nannochloropsis sp. | O™¢8% P | 29,49 1.0-1.5 20-25 150-250
Chlorella vulgaris Protein 50-60 1.5-2.0 25-30 100-200
Spirulina platensis Vitamin B12 0.1-0.5 1.0-1.5 25-35 100-200

5. CHALLENGES AND OPPORTUNITIES IN ALGAL BIOTECHNOLOGY

Algal biotechnology could help solve major challenges related to energy security, the environment and the economy. Even with the
progress of recent years, more obstacles need to be tackled for solar cells to be widely used in industry. In addition, there are lots of
chances for innovation and expansion in the field.

5.1. CHALLENGES IN ALGAL BIOTECHNOLOGY

Algal biotechnology needs to demonstrate that it can be done in a cost-effective way to justify commercial use. Producing algae,
collecting it and making it into materials is expensive, which makes algal-based products less competitive compared to fossil fuels
and petrochemical materials. Until it is fully developed, the industry needs to spend substantial money on infrastructure, equipment
and research, making investors reluctant to join and stopping the industry from developing. Economic feasibility can be enhanced
by utilising cost-effective methods and scaling them up for widespread application in industry. Although laboratory and pilot-scale
projects in algal biotechnology have worked well, moving to large-scale industrial production is still difficult. Producing algae on a
large scale needs a lot of land, water and nutrients, along with well-arranged bioreactors or open ponds that need to run efficiently.
There are also technical problems in keeping biomass productivity the same in large cultivation systems, such as risks of
contamination and changes in surrounding conditions.

It is important to control the effect of algal biotechnology on the environment for sustainability. Algae factories may need a lot of
water and fertilizer to meet their production needs. Ensuring controlled nutrient inputs, especially of nitrogen and phosphorus, is
necessary to prevent damaging the environment through eutrophication. Algal biotechnology can become less environmentally
harmful by using sustainable water resources, recycling nutrients and turning wastewater into feedstocks. Regulation can influence
whether algal biotechnology is embraced or ignored. New algal-based products are influenced in how fast they reach the market by
government policies, safety measures and laws on intellectual property. Varying rules from one region to another may make it
tough for companies to grow, which is why regulators should provide clear rules and incentives to motivate businesses in this
space.

5.2. OPPORTUNITIES IN ALGAL BIOTECHNOLOGY

The industry still faces issues, though various opportunities are there that could lead to faster growth and commercial use of algal
biotechnology. When the government funds research, offers tax incentives, and provides subsidies, the sector sees more innovative
ideas. Governments in many countries are investing in biofuels, carbon sequestration, and sustainable bioproducts because they
believe these initiatives can reduce the use of fossil fuels and help mitigate climate change. Expanding the sources of financial help
from different groups can support more advancements in algal biotechnology. Academia, industry, and government working
together on research significantly helps speed up progress. Universities and places focused on research are key in discovering new
types of algae, enhancing ways they are cultivated and optimizing how to process them. Working with private firms and
government bodies makes it easier to convert new scientific discoveries into products that people and organizations can use.
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Genetic and metabolic engineering advancements in technology are giving hope for better performance and efficiency in
biotechnology research on algae. By using CRISPR-Cas9 and similar techniques, algae can be produced with more lipids, better
photosynthesis and stronger resistance to stress. Also, new methods in Al and machine learning now enable scientists to make
optimal bioreactor settings, resulting in faster algal growth and lower expenses in production. The need for earth-friendly and
sustainable goods is increasing fast. Many people and companies are looking for greener options for fuels, plastics and chemicals,
which makes algal biotechnology an appealing choice. The fact that more biofuels, bioplastics and nutraceuticals are needed opens
up a great opportunity for the market, as the transportation, packaging and pharmaceutical industries seek to use more sustainable
options. As more people become aware of climate change and damage to the environment, more people will likely demand algae-
based products.

6. CONCLUSION

Algal biotechnology could change several industries by helping with sustainable energy, capturing carbon and creating renewable
products. This paper outlines the latest steps taken in biofuels, carbon capture and high-value bioproducts. Although there has been
progress, challenges persist mainly in the areas of making money, scaling factories and minimizing environmental damage. On the
other hand, overcoming these problems is possible when researchers make progress, machines get better and prominent groups join
forces. Algal biotechnology has a strong chance of succeeding thanks to the world’s need for new sustainable solutions and the
ongoing progress in bioprocessing. Applying algal biotechnology to existing processes can make them more efficient and
sustainable, which will benefit the environment.
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