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Microalgae are unicellular photosynthetic organisms that are vital in achieving UN Sustainable Development
Goals (SDGs) and enhancing climate resilience. They constitute a sustainable source of essential nutrients
including high-quality proteins, essential fatty acids, and micronutrients. Microalgae can treat domestic, agri-
cultural, and industrial wastewater by consuming organic compounds and pollutants, leading to biomass pro-
duction and safe water disposal, ultimately protecting aquatic ecosystems. They require minimal land and
freshwater resources, rendering them viable alternatives to conventional crops for food security. Furthermore,
microalgae significantly contribute to carbon capture and climate change mitigation by carbon dioxide ab-
sorption and conversion into biomass through photosynthesis. Microalgal biofuels offer a sustainable energy
source with minimal carbon emissions, provide an alternative to fossil fuels, and facilitate a transition to a low-
carbon economy. Their adaptability extends to waste management and environmental remediation, where they
enhance water quality, prevent biofouling, and aid soil remediation and air purification. This review examines
how interdisciplinary and collaborative research can unlock the potential of microalgae to address global

challenges and advance a sustainable future, thereby contributing to the achievement of various UN-SDGs.

1. Introduction

In today's economic landscape, companies are under heightened
scrutiny to implement sustainable practices in their production
methods. It is widely acknowledged that responsible environmental
management is essential for safeguarding ecosystems [1]. The pursuit of
sustainable intensification in manufacturing systems has gained signif-
icant importance in recent times as it seeks to establish a sustainable
future in diverse economic and social contexts. The excessive use of
natural resources has led to severe depletion [2]. Without corrective
measures, the quality of human life is predicted to decline significantly
by 2030, as outlined in the 2023 agenda [3]. The energy crisis is a
critical concern among the major threats to human existence, including
food insecurity, natural disasters, and global warming. This situation
urgently calls for cutting-edge technologies to provide sustainable en-
ergy solutions and to address the looming energy crisis [4]. In recent

years, sustainable energy technologies have garnered considerable
attention because of the global need for sustainable development [5]. A
comprehensive strategy has been collaboratively formulated to guide
the world towards a more sustainable and resilient future by 2030 [6].
These goals comprehensively address the social, economic, and envi-
ronmental aspects of the world. However, the realization of these SDGs
necessitates international collaboration. Barriers have hindered ad-
vancements, including the COVID-19 pandemic, the global financial
crisis, and insufficient collaboration among countries. Furthermore,
countries struggle with issues such as burgeoning populations, ineffec-
tive communication, scarcity of resources, policy gaps, political de-
cisions, and financial constraints, underscoring the pressing need to
expedite efforts to achieve these objectives [6]. Groundbreaking ad-
vancements are essential to address the interconnected challenges of
sustainable growth and climate adaptability. The UN-SDGs provide a
comprehensive blueprint for global progress, and innovative approaches
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Fig. 1. The 17 Sustainable Development Goals framework is structured as a pyramid, with each level building upon one below it. The pyramid's base consists of 17
SDGs that cover a wide range of economic, social, and environmental issues. The next level comprises 169 targets, which are specific, measurable, achievable,
relevant, and time-bound goals intended to be achieved by 2030. The third level contained 230 indicators that measured progress towards the SDGs. Finally, the
fourth level comprises the 600-plus specific actions that need to be taken to achieve the SDGs.

are crucial for achieving these ambitious objectives.

Microalgae, which are unicellular photosynthetic organisms, flourish
in diverse environments and can endure varying parameters such as
salinity, temperature, light intensity, and pH. The potential of micro-
algae to support the UN-SDGs and enhance climate resilience is gaining
increased recognition. These versatile microorganisms offer innovative
solutions across various sectors, making them invaluable in the fight
against climate change and the promotion of sustainable development.
Microalgae generate essential compounds, such as proteins, vitamins,
polysaccharides, carbohydrates, lipids, antioxidants, and pigments.
Biofuels can also be produced using indirect methods [7,8]. Employing
microalgal biomass presents a considerable opportunity to foster sus-
tainable development in multiple sectors, which is vital for advancing
global sustainability. Microalgae are omnipresent in aquatic ecosystems
and utilize inorganic nutrients and light. They also grow heterotrophi-
cally on organic substrates. The conversion of biomass into biofuels,
such as biodiesel, bioethanol, and biogas, can be accomplished through
processes such as liquefaction, pyrolysis, transesterification, fermenta-
tion, and anaerobic digestion [9-12]. In the sphere of food and phar-
maceuticals, microalgae are a consistent and valuable source of essential
amino acids and long-chain polyunsaturated fatty acids, exhibiting sig-
nificant antimicrobial, anticancer, and antioxidant properties [13].
Fig. 1 presents the framework of the 17 Sustainable Development Goals
(SDGs), structured as a pyramid.

The scarcity of water resources to meet the needs of drinking water
and sanitation poses significant challenges to human well-being, eco-
nomic development, environmental conservation, and ecosystem

health. Furthermore, the decline in water quality due to pollutants from
domestic, agricultural, and industrial sources presents severe environ-
mental and socioeconomic issues. Therefore, it is crucial to maintain
water quality while developing cost-effective and eco-friendly waste-
water treatment technologies. Although current methods can address
physical impurities, they are often energy-intensive and rely on micro-
organisms to biologically break down complex pollutants. Microalgae,
with their diverse physiological traits and adaptability to various habi-
tats, offer promising potential for advancing sustainable wastewater
remediation and treatment [14-16]. Microalgae are pivotal in promot-
ing eco-friendly and sustainable wastewater treatment methods. The
presence of vital macronutrients such as carbon, nitrogen, and phos-
phorus in wastewater fuels the metabolism and growth of microalgae.
Studies have explored the potential of microalgae for wastewater
treatment, energy generation, and resource recovery, thus fostering
circular economies [17-19]. In addition to enhancing biomass produc-
tion and water quality, microalgae also alleviate the detrimental effects
of coastal eutrophication on sectors such as fisheries, aquaculture,
tourism, and public health [20,21]. Microalgae play a pivotal role in
carbon sequestration, one of their primary functions. Microscopic or-
ganisms utilize photosynthesis to capture atmospheric CO5 and convert
it into biomass. This process serves a dual purpose: it helps combat
climate change by reducing greenhouse gas concentrations and con-
tributes to Goal 13: Climate Action. The resulting biomass can also be
used to produce biofuels, providing an alternative renewable energy
source that reduces reliance on fossil fuels [22-24]. This review aims to
fill a knowledge gap concerning the augmentation of microalgal
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cultivation for feed, food, bioenergy production, and wastewater treat-
ment. It delves into the principles of the circular economy and the
technical and economic challenges. Furthermore, it underscores the
alignment of microalgal biotechnology with the United Nations SDGs.
Addressing existing obstacles in the production of microalgae could
enhance environmental health and reduce production costs.

In addition to other applications, microalgae play a crucial role in
wastewater treatment. These organisms thrive in wastewater environ-
ments, where they help eliminate contaminants and purify water. This
multifaceted approach addresses water pollution issues and generates
valuable bioproducts, supporting Goal 6: Clean Water and Sanitation.
The innovative use of microalgae offers an eco-friendly method for
managing water resources [23,25]. Microalgae have the ability to
absorb nutrients such as nitrogen and phosphorus, improving water
quality. Affordable and Clean Energy (SDG 7): Microalgae are a prom-
ising source of biofuels. Various processes can be used to produce bio-
diesel, bioethanol, and biogas from microalgae. Biofuels offer an eco-
friendly alternative to fossil fuels and contribute to clean energy pro-
duction. Zero Hunger (SDG 2): Microalgae serve as a sustainable food
source. They contain essential nutrients, including proteins, vitamins,
and lipids. Incorporating microalgae into the diet can help to combat
malnutrition and food insecurity. Circular Economy and Ecological
Health: Integrating microalgae into sustainable practices promotes cir-
cular economies. They can transform waste (e.g., wastewater) into
valuable resources. Microalgae contribute to ecological health and
resilience by reducing reliance on nonrenewable resources. These mi-
croorganisms are well suited to a wide range of environments, such as
freshwater ponds, salty oceans, and tree bark. They exhibit significant
versatility and contribute substantially to various aspects of
sustainability.

Approximately 80,000 microalgal species exist, half of which have
been explored for commercial purposes [25]. This highlights micro-
algae's immense potential for future sustainable development across
various sectors [7,26]. Microalgae are classified into several major
groups based on their pigmentation, storage product, and cell wall
composition. The main types of algae include Chlorophyta (Green
Algae), which are primarily found in freshwater environments. They
contain chlorophylls a and b, which give them a green color. Examples
include Chlorella and Dunaliella, which are used in nutritional supple-
ments and biofuel production [27]. Rhodophyta (Red Algae): Mostly
found in marine environments, these algae contain phycoerythrin,
which gives them a red color. They are used to produce agar and
carrageenan, which are important for the food and pharmaceutical in-
dustries. These organisms can absorb organic pollutants from waste-
water, including nitrites, nitrates, orthophosphates, and ammonia.
Consequently, microalgae can be effectively utilized for wastewater
remediation and biofuel production, thereby presenting an innovative
approach to decrease energy production costs [25,28]. Hetero-
kontophyta (Brown Algae): This includes diatoms and brown algae.
Diatoms have silica cell walls and are major components of phyto-
plankton. They are used in biofuel production and as a source of omega-
3 fatty acids [29]. Cyanobacteria (Blue-Green Algae): Prokaryotic
microalgae are known for their ability to fix atmospheric nitrogen.
Spirulina is widely used as a dietary supplement because of its high
protein content [29,30]. Diatoms: Unicellular algae with intricate silica
cell walls. They are found in freshwater and marine environments and
contribute significantly to global carbon fixation [31].

Microalgae are pivotal for carbon sequestration and play a crucial
role in wastewater treatment, biofuel production, and as a source of
valuable bioproducts. Their diverse applications make them key assets
in promoting sustainable development and climate resilience. This
comprehensive review synthesizes knowledge from biotechnology,
environmental science, and sustainable development to provide a ho-
listic view of the potential of microalgae. This review article connects
advancements in microalgae research to the UN Sustainable Develop-
ment Goals (UN-SDGs), demonstrating their role in achieving global
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sustainability objectives with a focus on climate resilience, it elaborates
on microalgae's capacity to address climate change through carbon
capture and biofuel generation. It delves into advanced applications,
including wastewater purification, bioenergy production, and bioplastic
development, highlighting novel uses not extensively covered in the
previous literature. This study illustrates microalgal innovations' real-
world relevance and impact by incorporating case studies and prac-
tical examples. Furthermore, it presents detailed policy suggestions and
implementation strategies to bridge the gap between scientific research
and practical applications. This article also outlines future research
paths to foster continued innovation and progress in the field.

2. Microalgae in climate change mitigation

Climate change significantly contributes to natural disasters,
endangering human life and biodiversity. The relentless increase in
emissions—carbon dioxide, water vapor, methane, nitrous oxide, and
chlorofluorocarbons—has amplified the impact of climate change on
human health [32]. These emissions pose health risks, including respi-
ratory infections, cardiovascular diseases, and lung cancer. Poor air
quality leads to short-term health issues such as eye irritation, skin
conditions, and nausea. Prolonged exposure to particulate matter and
free radicals in the atmosphere can cause cardiopulmonary diseases, as
these particles infiltrate deep into the lung alveoli with genotoxic effects
[32-34]. Urban areas, especially large cities, experience higher air
pollution owing to industrial emissions and traffic congestion, resulting
in fog and haze [35]. Discharging toxic chemicals, particulate matter,
and biological substances harm humans and other living beings,
affecting health, ecosystems, and the environment [32]. Air pollution,
whether solid, liquid, or gaseous, damages the natural features and
poses health risks. They also contribute to environmental and ecosystem
degradation. Both short- and long-term exposure to air pollution has
significant effects [32,34,36-38]. Tackling air pollution is a key factor in
realizing the 17 SDGs that 193 global leaders have collectively endorsed
for development from 2015 to 2030. SDG 13 focuses on reducing
detrimental environmental impacts per person by prioritizing air quality
and waste management. The goal is to diminish these impacts by 2030,
as articulated in the SDGs: “By 2030, reduce the adverse per capita
environmental impact of cities, including by paying special attention to
air quality and municipal and other waste management.”

The urgency of addressing climate change and its repercussions is
underscored by SDG 13. Collectively, SDGs offer a framework for tack-
ling this pressing issue, highlighting the effects of global warming by
2030. The primary aim of SDG 13 is to strengthen developing nations'
resilience and adaptive capacity to climate-related hazards and natural
disasters. The objective of SDG 13 is to integrate climate change mea-
sures into national policies, strategies, and plans using awareness ini-
tiatives and governance structures that are both centralized and
decentralized. By incorporating climate action, adaptation, impact
reduction, and early warning systems into governmental legislation and
programs, the goal is to promote sustainable development and effective
planning in developing countries, thereby enabling them to address
climate-related risks and disasters better [39].

2.1. Microalgae-based wastewater treatment

Effective wastewater management is crucial to address water scarcity
and prevent uncontrolled wastewater discharge into drainage systems.
The importance of wastewater management aligns with the 6th SDG,
which sets ambitious objectives. Discharging untreated wastewater into
the environment poses a serious threat to both the ecological balance
and human health. Simultaneously, global oil production and con-
sumption increases exacerbate environmental pollution and the energy
crisis [40,41]. Therefore, it is crucial to develop eco-friendly and cost-
efficient wastewater treatment methods. Although traditional methods
such as A2/0, membrane bioreactor (MBR) sewage treatment, activated
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Fig. 2. Present wastewater treatment integrated with microalgae cultivation.

sludge processing, Sequencing Batch Reactors (SBR), and biofilm
removal provide socioeconomic advantages, they also leave room for
enhancement. These conventional techniques frequently result in high
construction expenses, stringent environmental regulations, elevated
energy usage, less-than-optimal denitrification and phosphorus removal
rates, and restricted financial gain from biogas recycling. Therefore,
innovative solutions must be explored to address these challenges and
promote sustainable wastewater management. Further research and
development in this area could lead to more efficient and sustainable
solutions for wastewater management [42,43]. To address these chal-
lenges, wastewater treatment technologies that balance economic
practicality with environmental energy advantages are necessary. This
approach can mitigate environmental harm and contribute to the reso-
lution of the energy crisis. Fig. 2 depicts the integration of different
wastewater treatment processes utilizing microalgae along with their
practical applications. Microalgae have been recognized as a potential
solution for wastewater treatment because of their fast growth rate,
variety of bioactive compounds they produce, and effective photosyn-
thetic ability. Over the last decade, there has been noticeable progress in
wastewater treatment using microalgae [44-46]. The main objective of
employing microalgae in biological wastewater treatment is to eradicate
pollutants, utilize CO5, and produce microalgal biomass via growth and
photosynthesis [47,48]. Certain microalgal strains, including Scene-
desmus sp., Chlorella sp., Desmodesmus sp., and Chlamydomonas sp., play
a vital role in wastewater treatment. Microalgae have the ability to
absorb a broad spectrum of pollutants. These include heavy metals,
nitrogenous compounds, and a variety of harmful chemicals. Their
ability to remove these pollutants purifies water and aids environmental
conservation. The elimination of detrimental substances by microalgae
contributes to the well-being of ecosystems and helps preserve the
equilibrium of the ecological environment. This underlines the impor-
tance of microalgae in sustainable practices and their potential for
addressing environmental challenges. This is another reason why
microalgae are considered valuable for the pursuit of sustainability
[49,50].

Marine microalgae such as Nannochloropsis marina, Chlorella marina,
Thalassiosira sp., and Dunaliella saline have been used for wastewater
treatment, focusing on lipid production. Chlorella marina achieved a 78
% COD removal efficiency, producing 1.92 g/L of biomass and 0.7 g/L of
lipids, which yielded 0.59 g/L of biodiesel through direct

transesterification [51]. Similarly, another study used Chlorella sp. for
TWW treatment for over 20 days and observed efficient removal of
various heavy metals (Cr, Pb, Ni, Cd, Co, Zn, and Cu) in specific
amounts. Additionally, Chlorella sp. produced 0.95 g/L of lipids, 250 pg/
mL of carbohydrates, and 160 pug/mL of proteins, utilizing 60.50 % CO2
[52]. These findings highlight the potential of microalgae for waste-
water remediation and production of valuable by-products (Table 2).
Biomass is a viable alternative to petroleum for biofuel production
because it addresses energy shortages and sustainability concerns. Pre-
vious studies have explored the potential of microalgae in wastewater
treatment and biomass production. Applications include integrating
microalgal biofuel production systems for wastewater separation,
cultivating microalgae alongside activated sludge in municipal waste-
water treatment, and treating food-processing wastewater while pro-
ducing additional products [22,53-57]. Owing to recent progress,
numerous countries are actively exploring microalgae-based methods
for wastewater treatment. To comprehensively understand this subject,
it is necessary to evaluate both past advancements and current in-
vestigations [58].

Petroleum hydrocarbons, including polycyclic and halogenated
compounds, primarily enter the environment through agricultural
pesticide use, organic material pyrolysis, and sewage. Among the top-
priority pollutants are polycyclic aromatic hydrocarbons (PAHs),
known for their carcinogenic and mutagenic properties [59,60].
Microalgae, specifically Scenedesmus obliquus and Nitzschia linearis, have
been found to be effective in the remediation of a variety of PAHs,
including naphthalene, acenaphthene, phenanthrene, fluorene, pyrene,
anthracene, fluoranthene, and benzo(a)pyrene. Interestingly, the
growth of these microalgae and their PAHs removal capacity were
enhanced by exposure to crude oil, with an increase of up to 70-75 %
observed alongside an increase in biomass production [61]. Moreover,
the energy efficiency of microalgae-based wastewater treatment is
significantly higher than that of conventional activated sludge pro-
cesses, which are known for their high energy consumption due to
bacterial metabolism. For example, in Spain, the energy consumption of
conventional wastewater treatment is 0.5 kWh/m?, while microalgae-
based biological techniques have managed to reduce this figure to 0.2
kWh/m® [62]. This suggests that microalgae-based techniques offer
sustainable and energy-efficient solutions for wastewater treatment.

Wastewater from agricultural and domestic sources often contains



A. Ahmad and S.S. Ashraf

high concentrations of nitrogen and phosphorus compounds. These
inorganic nutrients are essential for microalgae growth. Nitrogen mainly
appears as ammonium, nitrate, and nitrite, whereas inorganic phos-
phorus exists as orthophosphate. However, heavy metals and radioac-
tive ions commonly found in wastewater can adversely affect microalgae
growth [70,71]. Chloroplasts, vacuoles, and mitochondria in microalgae
contribute to the bio-sequestration and bioaccumulation of heavy
metals. For example, the microalgae Scenedesmus sp. AUBAC-002
effectively removes Cr, Cu, Pb, Zn, and Fe at rates of 82-96, 73-98,
75-98, 65-98, and 66 %, respectively [72]. Botryococcus sp. NJD-1 was
able to remove hexavalent chromium (Cr (VI)) by forming complexes on
microalgal surfaces and subsequently reducing it to 94.2 % trivalent
chromium (Cr (III)) at a concentration of 5 mg/L. Microalgae can
convert ammonium to ammonia under basic conditions and directly
assimilate nitrates and nitrites without volatilization [73]. Enzymes,
such as nitrate and nitrite reductase, are instrumental in the conversion
process, which ultimately produces ammonium ions. These ions are vital
for the anabolism of amino acids and the synthesis of organic nitrogen
compounds, such as nucleotides, chlorophylls, polyamines, and alka-
loids, all of which are essential for various cellular functions [74,75].
Ammonium, nitrate, and nitrite are actively transported into microalgal
cells. When entering the cells, these substances proceed through a two-
step catalytic process. During this process, enzymes, including nitrate
reductase and nitrite reductase, promote the transformation of these
compounds, resulting in ammonium ions as the ultimate output [76,77].
This highlights the critical role of these enzymes in microalgae nitrogen
metabolism.

The immobilization of microalgae involves the use of physical and
chemical means to prohibit free-living microalgal cells from moving
independently in their original site. This can maintain specific biological
activities and allow reusability in aqueous systems. Immobilized
microalgae have a high population density, which makes wastewater
treatment simple and effective. This reduces carbon emissions and im-
proves treatment effectiveness without the need for energy-intensive
recycling. Moreover, unlike suspended microalgae, immobilized
microalgal cultures have a higher potential for nutrient recovery and are
more economically valuable in chemical and agricultural industries
[78-80]. Several microalgal immobilization techniques include biofilm
formation, alginate beads, capsules, and cell entrapment in hydrogels. A
study by de Jesus et al. [81] reported that immobilized Desmodesmus
subspicatus in alginate beads at which alginate beads showed good sta-
bility in sugarcane vinasse. Immobilized D. subspicatus in alginate beads
flourished better and removed significant amounts of potassium, carbon,
and nitrogen from vinasse compared with free microalgae cultivation. A
study by Alhumairi et al. [82] showed that immobilized microalgae
Chlorella sp. was more effective than suspended Chlorella sp. in reducing
organic compounds in contaminated areas at Dhiba Port, Kingdom of
Saudi Arabia. Another study by Mujtaba et al. [83] showed that the
removal of nutrients by immobilized Chlorella sp. was 100 % for nitro-
gen and 99.8 % for phosphorus over two days. Immobilized microalgae
to treat wastewater are currently underdeveloped, including efficiency
enhancement strategies and optimization of cultivation parameters.
Current immobilized microalgal technologies primarily focus on cell
attachment using affordable biological matrix materials suitable only for
mild hydrodynamic environments and weak cell-substrate adhesion.
Extended cultivation frequently results in leakage of connected or
entrapped immobilized microalgal cells, which can harm the ecosystem.
Immobilized microalgal systems have been explored for a restricted
range of contaminants. Therefore, research is on optimal immobilization
methods for microalgae to achieve improved system stability for long-
term operation.

Antibiotic contamination has gained considerable attention because
of the hazards its residues pose to the environment and human health.
Although antibiotic residues are typically found in low concentrations in
the environment, recent studies have revealed that they can result in
detrimental ecological consequences for both target and non-target
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organisms. These consequences include the suppression of microbial
growth and modification of the composition and activities of microbial
communities [84,85]. Recent studies have consistently shown that
microalgae are highly effective at removing emerging micropollutants,
particularly pharmaceutically active compounds such as antibiotics,
antiretroviral drugs, and steroids, from aquatic environments and
wastewater [86-88]. Microalgae can enhance the photodegradation of
frequently used fluoroquinolone antibiotics, including ofloxacin (OFL)
when placed in an algal solution [89]. Microalgae employ various
mechanisms to eliminate antibiotics, including bioadsorption, bio-
accumulation, biodegradation, photodegradation, and hydrolysis,
which are the primary methods used for this purpose [86].

Sulfonamides are among the most widely studied antibiotics, fol-
lowed by fluoroquinolones, macrolides, and tetracyclines. Other cate-
gories of antibiotics have not been investigated extensively. Various
factors, such as the type of antibiotic, initial concentrations, specific
microalgal strains, and cultivation conditions, influence the effective-
ness of antibiotic removal. For example, Chlorella pyrenoidosa can
remove up to 99.3 % of sulfamethoxazole at an initial concentration of
0.1 mg/L but only 48.45 % at 2 mg/L [90,91]. Table 3 illustrates the
effectiveness of different antibiotic categories for their elimination using
microalgae-based systems. Specifically, the data revealed that cipro-
floxacin (CIP) had a removal efficiency of 53 % through photo-
degradation and 93 % when paired with Scenedesmus dimorphus in a
reactor containing Bold 3 N medium with a concentration of 25 pg/L of
CIP [92]. This reduction in efficiency at higher concentrations may be
due to increased toxicity, which inhibits the biodegradation pathway
[93]. Different microalgae strains also show varying removal effi-
ciencies for sulfamethoxazole under the same conditions: C. vulgaris
(18-84 %), Haematococus pluvialis (94-97 %), Scenedesmus quadricauda
(42-46 %), and Selenastrum capricornutum (61-86 %) [94].

Microalgae can eliminate orthophosphate by precipitating it on their
outer cell surface at elevated pH levels. Microalgal cells also transport
phosphates across their outer cell walls, facilitating energy transfer and
nucleic acid synthesis [74]. Upon formation, orthophosphate engages
with organic molecules such as phospholipids through various pro-
cesses, including phosphorylation, oxidative phosphorylation, and
photosynthetic phosphorylation [76]. When there is an excess of amount
of phosphorus in the growth medium, microalgae have the ability to
form acid-insoluble polyphosphate granules through a process known as
‘luxury uptake’ [75,77]. Interestingly, although treatment systems and
environmental conditions influence the removal of nitrogen, the
mechanisms for assimilating phosphorus-based pollutants are relatively
stable and unaffected by these variables [75], suggesting robustness in
the ability of microalgae to handle phosphorus-based pollutants. Despite
the numerous benefits, there are challenges associated with microalgae-
based wastewater treatment, including high operational costs, the need
for large cultivation areas, and variability in treatment efficiency due to
environmental factors. Future research and technological advancements
are required to address these challenges and optimize large-scale
application processes. In summary, microalgae-based wastewater
treatment is a promising solution for achieving sustainable water man-
agement. By harnessing the natural abilities of microalgae, this
approach can purify wastewater and contribute to bioenergy production
and environmental conservation.

2.2. Microalgae for carbon sequestration

Climate-resilient development involves implementing strategies for
greenhouse gas mitigation and adaptation to promote sustainable
development [106]. Carbon capture and utilization technologies have
attracted significant attention [107] for mitigating global warming and
greenhouse gas emissions, and one of them is biological approaches,
which are cost-effective and have low energy consumption. Microalgae
are promising candidates for carbon capture because they can fix CO5
levels and utilize nutrients through photosynthesis. Microalgae are
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Fig. 3. Adapted: Schematic representation [A] Photosynthesis, which converts light energy into chemical energy, and [B] CO, concentration mechanism, a method

used to capture CO, for photosynthesis efficiently.

significantly more efficient than terrestrial plants in capturing carbon up
to 50 times more effectively because of their superior photosynthetic
capabilities and high carbon capture rates [108]. In addition, micro-
algae do not compete for agricultural land and grow rapidly. For most
algae, CO,, fixation accounts for approximately 50 % of the biomass by
weight, resulting in a CO2-to-biomass weight ratio of approximately 2:1,
with a typical value of 1.88 [109]. Microalgal cultivation has been
identified as an excellent method for large-scale carbon capture. How-
ever, existing microalgal cultivation systems have not yet reached the
production levels necessary for effective carbon capture and storage.
Microalgae are generally cultivated in two systems: open ponds and
closed photobioreactor (PBR) systems. PBRs have been shown to
enhance microalgal biomass growth and carbon capture rates in these
two systems [110].

Microalgae can metabolize inorganic carbon through a photoauto-
trophic mechanism involving multiple enzymes, including carbonic
anhydrase and RuBisCo (Ribulose-1,5-bisphosphate carboxylase/oxy-
genase). These enzymes facilitate the conversion of CO5 into carbohy-
drates and support glucose synthesis via the Calvin cycle, which is

essential for CO; to be captured by algae. First, RuBisCo catalyzes the
reaction between CO; and ribulose-1,5-bisphosphate to form 3-phospho-
glycerate. This compound is then converted into 1,3-diphosphoglycerate
by incorporating inorganic phosphate from ATP and is further reduced
to 3-phosphoglyceraldehyde by the enzyme phosphoglyceraldehyde
dehydrogenase. Finally, 3-phosphoglyceraldehyde is converted into
ribulose-5-phosphate along with byproducts such as sugars, fatty acids,
and amino acids [111,112]. Numerous microalgal strains rely on pho-
toautotrophy, which uses light as their primary energy source. Micro-
algae can transform inorganic carbon into organic compounds such as
carbohydrates via photosynthesis and release molecular oxygen (O3)
[113]. Photosynthesis is crucial for both plant growth and biomass
production. As shown in Fig. 3a, the schematic pathway of photosyn-
thesis can be represented by the following equation (Eq. (1)) [114].

6CO, + 12 H,0 + light energy—CgH;206 + 60> + 6H,0 1)

This equation illustrates how carbon dioxide (CO3) and water (H20)
are transformed into glucose (CgH120¢) and oxygen, respectively, fueled
by light energy.
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Table 1
Biofixation rate of carbon dioxide by microalgae under the optimum growth condition.
Microalgae Culture conditions Ref.
Carbon dioxide Temperature pH Light intensity CO, fixation Significance
concentration % (v/v) QO (pmol’2 sh rate (mg/L/d)
Model organisms for studying
Chlamydomonas photosynthesis and carbon biofixation
reinhardtii 5 25 7 280 220 + 20 mechanisms. [137,138]
Adaptable species with moderate CO2
. —. 139,14(
Gold algae 473 30 6 180-200 144 biofixation, useful for biofuel production. [139,140]
Haemqtot:occm 3 2 6.8 50-80 60 + 2 Known for asta)fanthlr{ production and [141,142]
pluvialis moderate CO: biofixation.
High 1 ; ising f by
Fuglena gracilis 45 27-31 7.8 100 75 igh CO: tolerance; promising for carbon )
capture and wastewater treatment.
Scene-desmus 30 20 7.8 200-300 790-970 High sz bwﬁxatl'on; su1tal.)1e for large- [144,145]
obliquus scale biotechnological applications.
K for beta- i iti
Dundliella salina 5 25 7.2 100 313 nown for beta-carotene production, itis 0 ;)
suitable for high-salinity environments.
Prod high tities of hyd. bons,
Botryococcus braunii 5 2 6.5-7.5 150 500 roduces fgh quantities of hycrocarbons, 4 1g 4 49]
which is important for biofuel research.
Chlorella vulgaris 5.35 23.4 7 163.5 101 Widely studied for biofuel and CO [146]
sequestration applications.
Spirulina platensis 5 30 9.0 330 413 High protein content; potential in carbon [147]

mitigation and nutrition.

Climate change poses a substantial hurdle, necessitating amplified
efforts to limit greenhouse gas emissions originating from both biogenic
and anthropogenic sources, with particular emphasis on carbon dioxide
and methane. Viable strategies for mitigating carbon dioxide emissions
encompass underground sequestration or utilization by photosynthetic
plants. The following methods can be used to decrease the concentration
of harmful gases in the atmosphere while simultaneously promoting
ecosystem balance. However, it is important to ensure that these stra-
tegies are implemented responsibly to avoid potentially negative envi-
ronmental impacts. Further research and development in this area could
lead to more efficient and sustainable solutions to combat climate
change. Microalgae have been extensively studied as viable alternatives
to geological storage for carbon dioxide sequestration [115-117].

Carbon capture, emission reduction, and resource utilization effec-
tiveness in microalgae vary among species because these organisms
exhibit diverse photosynthetic traits, regulatory systems, metabolic
pathways, and crucial enzymes [118,119]. A study conducted by Bhola
et al. [120] investigated the physiological responses of five indigenous
microalgal strains to increasing carbon concentrations. Indigenous
strains I-3 exhibited significant tolerance to high-carbon sources, such as
15 % CO». Indigenous microalgae often outperform commercial species

in nutrient removal and biomass production because of their adapt-
ability to local environments [121]. Chiellini et al. [122] investigated
the resistance of six natural microalgal isolates to pollutants and their
potential for wastewater remediation. The study cultivated these
microalgae in cigarette end wastewater at various dilutions, revealing
that their ability to remediate wastewater is contingent upon the
chemical characteristics and nature of organic pollutants. The optimal
CO4 concentrations varied among the different microalgal species, with
distinct tolerance levels (Table 1). Another study reported that Spon-
giochloris sp. demonstrated exceptional biomass productivity and CO4
biofixation rates during wastewater treatment. Microalgae demon-
strated exceptional potential for biomass production, achieving a
maximum productivity rate of 1.5 g/L/d, as well as a CO fixation rate of
2.9205 g/L/d. These results highlight the capacity of microalgae to
effectively sequester CO2 and purify wastewater. Cultivated microalgae
have the potential to sequester significant amounts of CO5. According to
data, 1.83 kg of CO; can be captured per kg of cultivated microalgae
[108]. This highlights its potential for COy removal. For example,
C. vulgaris and Anabaena sp. can capture CO; at rates of 6.24 g/L/day,
respectively [123]. These findings underscore the potential of micro-
algae in addressing environmental challenges. Indigenous microalgae

Table 2
Different types of microalgae are used in the treatment of wastewater.
Microalgae species Growth conditions COD % BOD % TSS % Cr % N % P% Ref.
Bold basal medium (BBM), 23 °C, light intensity .
Chlorella sp. 110, photoperiods 12:12 h 95.46 95.17 - 95.59 - - [52]
Scenedesmus sp. ISVf)edlum Guillard modified, 25 °C, light intensity 80.33 B B B B 96.78 [63]
C. vulgaris BBM, 25 °C, light intensity 30, photoperiods 00.17 885 B B _ B [64]
12:12 h.
. Algae culture broth 28 °C, light intensity
Pj 3 1 - - 65
hormidium sp 150-200, photoperiods 10:14 h 7 o4 73 48 651
Chlorella sp. and Algal culture medium, 28 °C, light intensity 86.4 and 89.87 and
Phormidium sp. 150-300, photoperiods 12:12 h 79.1 86.97 - 90-1and93.1 - - ee]
Medium Tris-Acetate-Phosphate, light intensity =~ 56.70 and 25.98 and 58.84 and 95.54 and
75R258 and 50RS0S. 117.3, photoperiods 12:12 h 56.70 24.77 - 71.74 97.64 1671
. Algal culture medium, 28 °C, light intensity
C. vulgaris 150-300, photoperiods 10:14 h 94.74 95.93 - 99 100 - ee]
BG11 medium, 27, light intensity 120,
Scenedesmus sp. photoperiods 16:8 h 37.1 35 - 81.2-96.0 44.3 >95 [68]
C. vulgaris and . L . 38.08 and 37.04 and 34.01 and 78.02 and
BG11 ligh —72 - - 69
S. obliquus G11 medium, light intensity 576-720 34.72 13.60 36.30 37.98 1691

Light intensity unit: pmolphotons/m?/s.
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Table 3
Microalgal antibiotics removal performances and mechanisms.
Detailed species Algal strains Initial antibiotic Removal Wastewater Removal mechanisms Microalgae-based Ref.
concentration efficiency category systems
(mg/L) (%) (photobioreactors)

Sulfacetamide Mlcroglgae- . 0.004 41-95 Groundwater Photolysis>co-immobilization Suspended-attached [95]
bacteria consortia system

Sulfamethazine Bouygf:accm 0.0476 5.4-38.5 Livestock Biodegradation Submer.ged membrane [96]
braunii wastewater photobioreactors

Sulfamethoxazole  Nannochloris sp. 0.01 32 F/2 medium Algae-mediated photolysis Flasks [97]

Trimethoprim Nannochloris sp. 0.01 3.4-17 Lake water Biodegradation, photolysis, biosorption Flasks [98]
Sel tru Syntheti

Trimethoprim eenastrum 0.02-0.1 17.7-42.1 ynthetie - Flasks [94]
capricornutum wastewater

Enrofloxacin Mlcroal.gae 1 2% Bold.s Basal Blodegr?datlon > accumulation, Flasks [100]
consortia medium adsorption
Microalgae: Diluted

. - -6 . .
Danofloxacin bacteria consortia (254-322) x 10 10-48 piggery - Open photobioreactor [101]
wastewater
Florfenicol Chlorella sp. 46-159 70.7-97 BG-11 medium Blodegr'a dation > accumulation, Flasks [102]
adsorption

Chlamyd u ified

Tetracycline drmydomonas 1-10 100 BG-11 medium  Hydrolysis>biodegradation>photolysis nspec.l € [103]
sp. photobioreactor

. . .. F/2 Guillard . . . X

Doxycycline Tetraselmis chuii 3.95-121.056 49.9-97.9 medium Photolysis>biotransformation, sorption Beakers [104]

Cefradine Cilzlamydt.).monas 5 5.45-14.72 N.A. Hydrolysis, ads.orptmn, desorption, Quartz tubes [105]
reinhardtii photodegradation

Fig. 4. Microalgae-based CO, sequestration in the environment.

possess properties that render them attractive candidates for extensive
cultivation and potential sources of genetic material for future valuable
compound production [124,125].

Microalgae can absorb and store approximately 50 % of their weight
in CO; [126]. Similar to other plants, microalgae absorb CO5 from the
atmosphere during the day and release it at night during photosynthesis.
The biofuel production process through biological CO; fixation is illus-
trated in Fig. 4. In controlled cultivation systems, microalgae can
sequester a significant proportion of COj, with estimates ranging from
75 to 90 %. Raceway ponds, on the other hand, capture between 25 %
and 50 % of CO; [127]. The ideal COy concentration for optimal
microalgal growth is between 5 % and 10 %. Higher CO; levels nega-
tively affected biomass productivity. Notably, in studies involving Sce-
nedesmus obliquus and C. vulgaris, CO» fixation rates were 130 and 141
mg/L, respectively [128,129]. The CO; conversion rates of the micro-
algae species C. vulgaris and S. obliquus were 14.9 % and 13.85 %,
respectively. These percentages highlight the efficiency of these micro-
algae in converting COo, a greenhouse gas [130,131].

Research findings highlight microalgae's significantly higher pro-
ductivity than alternative raw materials. Identifying specific microalgae
species with metabolic pathways conducive to bioenergy production,
such as biodiesel, is crucial for enhancing carbon sequestration and
emission reduction efforts [132-134]. For instance, microalgae such as
Chlorella sp., Scenedesmus, and Chlorococcus effectively fix CO,. Euthy-
rium species, including Nannochloropsis species, belong to the

Chlorophyceae family and are proficient in carbon sequestration. Iden-
tifying microalgae with superior carbon sequestration efficiency and
substantial biomass production can aid the development of various
carbon capture and emission reduction strategies tailored to specific
needs [132,135,136]. This approach maximizes the role of microalgae in
carbon capture and bioenergy generation, ultimately leading to reduced
emissions and improved environmental sustainability. Future research
should focus on improving cultivation techniques, developing cost-
effective harvesting methods, and exploring genetic engineering to
enhance microalgae carbon sequestration capabilities. Integrating
microalgae-based systems with other sustainable practices can maxi-
mize their environmental and economic benefits. In summary, micro-
algae offer a viable and sustainable approach to carbon sequestration,
with the potential to contribute significantly to climate change mitiga-
tion and the production of valuable bioproducts.

2.3. Microalgae for biofuel production

Biofuels derived from biomass have gained recognition as significant
alternatives to fossil fuels owing to their environmentally friendly na-
ture. They have the potential to enhance the global energy system,
decrease dependence on fossil fuels, reduce pollutant emissions, and
deliver energy in various forms, such as solids, liquids, and gases
[150,151]. Escalating concerns regarding greenhouse gas emissions
from fossil fuel use have intensified the search for reliable alternative
energy sources. Biofuels produced by algae have recently emerged as a
modern renewable energy source. Algae are promising raw materials for
large-scale biofuel production, owing to their ability to harness solar
energy through photosynthesis to generate chemical energy. During
their growth phase, algae utilize a mix of solar energy, phosphorus, ni-
trogen, COy, and water, leading to biomass formation. This process
underscores the potential of algae as a sustainable and efficient source of
biofuel. This characteristic of microalgae is crucial for reducing green-
house gas emissions. Fig. 5 illustrates a sustainable approach grounded
in a circular bio-economy, focusing on bioenergy production from
microalgae to reduce CO, emissions and minimize waste.

Moreover, microalgae contribute to the sustainability of biofuels as
these microalgae provide a renewable and eco-friendly source for bio-
fuel production. This underlines the potential for microalgae to address
environmental challenges and advance renewable energy solutions
[22,152]. Several cultivation factors affect lipid production in
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Fig. 5. Adapted: Sustainable approach based on circular bio-economy for bioenergy production from microalgae to reduce CO, emissions and waste [158].

microalgae, including CO2 capture and organic carbon sources [153].
Microalgal biomass contains fatty acids that are converted into tri-
glycerides (TGA), cholesterol, and other lipids [154]. Because of their
ability to store significant lipid quantities, even in harsh environments,
microalgae can be efficiently used in the transesterification process to
produce biodiesel. Lipids are vital biological molecules that play a
crucial role in biodiesel production as vital biological molecules
[155-157].

Biodiesel derived from microalgal biomass can be converted into an
environment-friendly biofuel using appropriate processing techniques.
The biological composition of microalgal lipids is significantly influ-
enced by factors such as the composition of wastewater, CO, concen-
tration, temperature, and aeration rate. Notably, biodiesel produced
from microalgae can be utilized in diesel engines without requiring
significant modifications and can be mixed with petroleum diesel in
various ratios [159]. However, it is important to note that microalgal oil
contains a higher percentage of PUFAs with four or more double bonds
than vegetable oil. This makes it more susceptible to oxidation, thereby
limiting its storage potential as a biodiesel source. The level of unsatu-
rated fatty acids plays a crucial role in producing microalgal biodiesel
and can be controlled via catalytic hydrogenation [160]. This highlights
the need for careful management of the fatty acid composition of
microalgal oil to optimize its use as a biodiesel source.

Biodiesel, derived from renewable sources, such as vegetable oil and
animal fat, is a viable substitute for diesel. It is environmentally friendly,
non-toxic, and biodegradable, making it suitable for reducing the
emissions of carbon monoxide, sulfur oxides, and unburned hydrocar-
bons during combustion. Microalgal biodiesel, a monoalkyl ester of fatty
acids, can be produced through a process known as TGA trans-
esterification using alcohols. This form of biodiesel has been gaining
attention owing to its physicochemical properties that are similar to
those of conventional fuels. This makes them a potentially sustainable
alternative to traditional fossil fuels. The lipid type and fatty acid
composition of microalgae, which are crucial for biodiesel production,
depend on several factors. The factors that may impact the efficiency of

microalgae-based biodiesel production include the specific species of
microalgae used, available carbon sources, and the growth conditions
under which they are cultivated. Optimizing these factors may increase
the biodiesel production efficiency [161-163]. This highlights the po-
tential of microalgae in food production, water purification, and
renewable energy production. Therefore, further research on microalgae
and their applications is important for a sustainable future.

Microalgal biomass can be efficiently transformed into bioethanol,
making it the most widely recognized third-generation alternative fuel
[164]. Bioethanol production from microalgae offers several advan-
tages, including reduced reliance on arable land, which helps mitigate
atmospheric CO, levels. Microalgal cells contain diverse compounds
such as lipids, carbohydrates, and proteins. In the absence of oxygen,
carbohydrates are initially broken down into basic sugars through
chemical or enzymatic processes and are subsequently transformed into
bioethanol [165]. The production of bioethanol from microalgae in-
volves several distinct phases: initial pre-treatment, subsequent lique-
faction, saccharification, anaerobic fermentation, and distillation. When
refined to its most refined state, bioethanol presents a compelling
alternative to gasoline because of its higher vaporization temperature
and octane rating. Therefore, it is considered a potential sustainable and
efficient alternative fuel source.

Additionally, the utilization of microalgae as feedstock for bio-
ethanol generation demonstrates higher efficiency than conventional
crops such as maize and sugarcane. This indicates the potential of
microalgae to significantly contribute to the production of sustainable
and efficient biofuels [166-170]. Chlorella sorokiniana has been identi-
fied as an effective hydrolysate for bioethanol production [171].
Enzyme-catalyzed hydrolysis has demonstrated high conversion rates
for the marine red microalga Porphyridium cruentum, particularly in
marine environments, where a 90 % conversion rate has been reported.
In contrast, freshwater P. cruentum showed an 85 % conversion rate.
When the simultaneous saccharification and fermentation process was
performed using freshwater P. cruentum, the bioethanol yield was 70 %.
This result surpassed the 65 % yield obtained when these processes were
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performed separately. These findings highlight the potential of
P. cruentum to thrive in freshwater environments and to be a candidate
for bioethanol production [172].

Biohydrogen production from microalgae has been increasingly
acknowledged as a feasible approach for the generation of eco-friendly
energy in recent times [173]. Microalgae and cyanobacteria are
capable of performing bio-photolysis, which involves the production of
hydrogen using light. In contrast, photosynthetic bacteria engage in
photofermentation, a process that involves fermentation of organic
molecules in the presence of light. In contrast, anaerobic bacteria
participate in a process known as “dark fermentation,” in which organic
molecules are fermented in the absence of light [174]. Microalgae
generates biohydrogen under anaerobic conditions when exposed to
light and water. Bio-hydrogen is widely acclaimed for its efficiency and
environmental benefits, as it produces only water as a by-product and
does not emit greenhouse gases [173]. Bio-hydrogen is considered one
of the most efficient fuels, with an energy density of 142 MJ/kg [175].
The microalgae-derived enzyme hydrogenase is essential for water
splitting and biohydrogen production during anaerobic fermentation
[176]. The efficiency of hydrogen production via dark fermentation can
be improved by reducing the duration of the reaction through the
gradual deactivation of hydrogenase by oxygen. Researchers have
explored methods to enhance oxygen tolerance during biohydrogen
production. One promising approach is dark fermentation, which is both
cost-effective and eco-friendly. This method produces marketable
byproducts, including acetic and lactic acids, without requiring a light
source or aeration, thereby lowering the costs. For instance, the anaer-
obic fermentation of Chlorella vulgaris with Clostridium butyricum resul-
ted in the production of 2.87 mmol/g of biohydrogen, highlighting the
potential of dark fermentation as a sustainable and efficient method for
biohydrogen production [177]. Exploring the potential of microbial
systems, specifically algal and bacterial systems, to enhance bio-
hydrogen production via dark fermentation is a promising method that
could lead to scalable and cost-effective solutions. This approach holds
immense promise for future application.

Microalgae provide a flexible resource for generating biogas that can
be used for electricity production, fuel cells, and liquid fuel applications
[178]. Given their relatively low levels of lignin and cellulose, micro-
algal biomass is particularly well suited for anaerobic digestion pro-
cesses designed to produce biogas [179,180]. Biogas typically contains
methane (CHg4), carbon dioxide (COj), hydrogen sulfide (HsS),
hydrogen, and ammonia, with methane being the main combustible
component [181-186]. Microalgae, which are rich in carbohydrates and
lipids and devoid of lignin, are highly effective in biogas production
through AD. Furthermore, the solid residues obtained from AD of
microalgae biomass can be utilized as excellent fertilizers [187,188].

Thermal pre-treatment at lower temperatures (below 100 °C) has
been implemented in continuous reactors that utilize microalgal
biomass from wastewater treatment systems. This thermal pre-
treatment, conducted at temperatures ranging from 60 to 100 °C,
resulted in a significant increase in the methane yield from 30 to 70 %.
Interestingly, methane yield showed an even more substantial increase
at higher temperatures (above 100 °C), specifically between 100 and
120 °C. For instance, Nannochloropsis salina demonstrated a 108 % in-
crease in methane yield, whereas Scenedesmus sp. exhibited a threefold
increase. Moreover, the application of ultrasound methods as a form of
pre-treatment led to a 33 % increase in the final methane yield. These
findings underscore the potential of these pretreatment methods to
enhance the efficiency of biofuel production from microalgae
[189,190]. The untapped potential for biogas production from micro-
algae is significant, and several species, including Scenedesmus, Spirulina,
and Chlorella, are being investigated for their suitability [191]. Tech-
niques that weaken cell walls, such as those applied to Chlorella vulgaris,
enhance pretreatment effectiveness and increase substrate degradation
during AD processes [192]. Methane production from microalgae pre-
sents a promising avenue for sustainable energy generation, the
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reduction of greenhouse gas emissions, and wastewater treatment.
However, it is important to acknowledge the challenges that arise with
this approach, including the high costs, lengthy start-up periods, culti-
vation complexities, and infrastructure requirements. Despite these
challenges, technological advancements and ongoing scientific research
hold promise in overcoming these barriers. This could pave the way for
more efficient and cost-effective methane production from microalgae,
contributing to a more sustainable future for energy production. This
exciting field has great potential, and continued exploration, and inno-
vation will undoubtedly lead to significant advancements. Recent
studies have focused on improving the efficiency and cost-effectiveness
of microalgal biofuel production. Innovations in genetic engineering,
photobioreactor design, and harvesting techniques are being explored to
enhance lipid yields and reduce production costs. Integrating micro-
algal biofuel production with other sustainable practices, such as car-
bon capture and wastewater treatment, can maximize environmental
and economic benefits. In summary, microalgae are a promising and
sustainable source for biofuel production. With continued research and
technological advancements, microalgal biofuels have the potential to
play a significant role in the transition to a low-carbon economy and the
achievement of global sustainability goals.

3. Harnessing microalgae research to achieve the UN-SDG

The United Nations 2030 Agenda for Sustainable Development
comprises a series of objectives referred to as the SDGs. Innovative ap-
proaches are necessary to restore our limited land and water resources,
as we have only six years left to attain the 2030 UN Sustainable
Development Goals. These goals are designed to ensure a clean and
healthy environment for future generations, thereby playing a vital role
in securing a sustainable future [193-195]. This section critically ana-
lyzes the role of microalgae in achieving these 17 SDGs. It specifically
investigated the contributions of these microscopic entities to the
accomplishment of all 17 SDGs. The following sections have been
established to showcase how microalgae research can have a significant
impact on achieving the SDGs.

3.1. SDG 1 and 2: no poverty and zero hunger

The main goals of this initiative are to ensure sufficient food supply
and combat malnutrition. Microalgae can significantly contribute to
achieving zero hunger in two ways: through the high-quality protein
found in their biomass, and nutrient supplementation provided by
microalgae-derived nutraceuticals [196]. Poverty and hunger are
closely intertwined, and poverty is the primary driver of hunger in un-
derdeveloped countries. Currently, 700 million individuals live in
extreme poverty, surviving less than GBP£1.52 (equivalent to US$1.90)
per day [197]. The COVID-19 pandemic has exacerbated this issue,
pushing many people in developed countries into poverty owing to
rising living costs. Given the projected global population of nearly 10
billion by 2050, it is expected that this challenge will exacerbate,
especially considering the growing incidence of infectious diseases, such
as coronavirus [198]. Microalgae provide an appealing solution for
tackling SDGs because of their adaptability to a wide range of condi-
tions, such as global warming and diseases [199]. Microalgae are
renewable energy sources owing to their unique advantages. They do
not compete with food production and do not rely on freshwater re-
sources, significantly enhancing their sustainability. This has the po-
tential to contribute substantially to reducing poverty and food
insecurity. Although microalgae can be cultivated near marine animal
cages in open seas, integrated cultivation methods are generally
considered more sustainable [25]. This approach allows for efficient use
of resources and can help minimize environmental impacts.

Furthermore, the culinary use of microalgae and macroalgae is
deeply rooted in several cultures, particularly East Asia. In countries
such as China, Japan, and Korea, these algae have been traditionally
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used in a variety of dishes, including salads, soups, and toppings. This
adds a unique flavor and texture to dishes and enhances their nutritional
value. This rich culinary heritage underscores the potential of micro-
algae as a sustainable food source [200-203]. Among the species of
cultivated algae, brown seaweed is of significant importance. In 2012,
considerable amounts of “kombu” (Saccharina japonica)—approximately
5.7 million tons—and “wakame” (Undaria pinnatifida)—around 2.1
million tons—were harvested. Furthermore, “nori” (Porphyra), which
holds cultural significance in Japan, saw an approximate harvest of 1.8
million tons in the same year [203]. Numerous studies have highlighted
the potential of algae as sustainable food sources. Algae provide essen-
tial vitamins, minerals, and proteins for human consumption while also
serving as animal feed. The US Food and Drug Administration (FDA)
recognizes algae safety and designates it as Generally Recognized As
Safe (GRAS) based on an extensive consumption history without adverse
effects or scientific evidence. Similarly, the European Food Safety Au-
thority (EFSA) evaluates the safety of new food and feed compounds
before production and marketing [198,199,203-206]. Although
microalgae are often touted as a potential food source, their viability
depends on several factors, including their growth rate, composition,
digestibility, and nutritional content. It is worth noting that micro-algal
productivity per hectare is reported to be up to 20 times higher than that
of traditional oilseed crops, which could make them a more sustainable
alternative. However, this needs to be balanced against other consid-
erations, such as cost and scalability [207].

Microalgae offer various benefits, such as carbon capture and
wastewater management, but they must be weighed against potential
challenges in cultivation and processing. The claim that microalgal fi-
bers are softer than land-based vegetables, thereby making them ideal
for promoting intestinal regulation, also requires further investigation
and validation. It is important to approach the potential of microalgae as
a food source with a critical eye, taking into account all relevant factors
[200,208]. Encouraging global microalgal production can unlock these
advantages and contribute to a sustainable future.

3.2. SDG 3: good health and well-being

Microalgae contain several bioactive compounds that make them
valuable in promoting health and well-being. These tiny organisms
provide essential antioxidants, vitamins, minerals, and polyunsaturated
fatty acids (PUFAs). As discussed in the previous section, incorporating
microalgae into the diet can significantly contribute to overall health
and vitality [209,210]. Microalgae-derived polyunsaturated fatty acids
(PUFAs) are promising alternatives to fish oil. Unlike animal-based oils,
microalgae-based PUFAs have minimal or no toxin accumulation and
provide a high omega-3 content [211,212]. Chlorella species, often
promoted as “health foods,” serve as functional foods with potential
benefits for preventing and treating various common ailments, including
skin conditions and specific cancers [210]. Notably, microalgae species,
such as Phaeodactylum tricornutum, Cryptecodinium cohnii, and Isochrysis
galbana, are gaining recognition as valuable sources of PUFAs. Isochrysis
galbana and Phaeodactylum tricornutum contain high levels of eicosa-
pentaenoic acid (EPA) at 22.6 % and 29.8 %, respectively. In contrast,
Cryptecodinium cohnii showed a significantly higher DHA concentration
(51.12 %). The DHA content of microalgae was nearly six times higher
than that of cod liver oil (9.2 %) and tuna fish (24.56 %). In contrast,
plant-based PUFAs from terrestrial sources exhibit deficiencies in EPA
and DHA levels. Thus, PUFAs derived from microalgae are a feasible
option for food and feed production [207,211,213]. Fig. S1 provides an
overview of the biochemical activities and technological capabilities of
high-value-added compounds derived from microalgae.

Spirulina, Caspirulan (both sourced from Spirulina spp.), and
N. ellipsosporum (originating from cyanobacteria) are well known for
their powerful antiviral polysaccharides. These substances exhibit a
broad range of activities against diverse conditions, including human
immunodeficiency virus (HIV), cancer, and influenza [214].
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Importantly, supplementation with Spirulina (at a dosage of 10 g/day for
a duration of six months) resulted in a marked enhancement in the
health of HIV patients. These benefits include increased weight, reduced
arm circumference, higher CD4 count, fewer infections, and lower
proteinuria (blood protein levels). Given that HIV patients often face
glucose metabolism issues due to viral and antiretroviral medications,
another study demonstrated that S. platensis supplementation (at a dose
of 19 g/day) significantly enhances insulin sensitivity in HIV-positive
patients [215]. Additionally, human clinical trials have highlighted
the protective effects of Dunaliella extracts in male smokers, particularly
against conditions such as diabetes and hyperlipidemia [34]. Further-
more, Spirulina has been associated with decreased blood pressure and
improved blood sugar regulation [216].

Interestingly, the World Health Organization (WHO) proposed add-
ing Spirulina spp. to the dietary regimen of National Aeronautics and
Space Administration (NASA) astronauts for space travel because of
their compact form and safety [210]. Haematococcus pluvialis, a micro-
alga, is the most efficient producer of astaxanthin. This carotenoid has
been shown to decrease the blood pressure in hypertensive rats. More-
over, long-term intake of carotenoids such as astaxanthin significantly
mitigates the risk of heart attack and stroke [217,218]. Clinical trials
suggest that the daily intake of Dunaliella spp. (in dosages ranging from
0.56 to 3 g) offers antioxidant protection and aids in the prevention of
conditions such as hyperlipidemia and diabetes. Furthermore, the
administration of Arthrospira spp. (popularly known as Spirulina)
resulted in considerable reductions in low-density lipoprotein (LDL),
total blood cholesterol, triacylglycerols, very-low-density lipoprotein
(VLDL), lipid peroxidation, and malondialdehyde (MDA) levels in pa-
tients diagnosed with diabetes, dyslipidemia, and ischemic heart disease
[219].

3.3. SDG 6: clean water and sanitation

The main goals of SDG6 are to increase efficiency and establish
sustainable management of water resources for drinking and basic
sanitation. To accomplish this, measures must be taken to improve
wastewater treatment, reduce pollution, and promote water recovery.
Additionally, commitment extends to preventing and significantly
reducing marine pollution [220]. Despite this progress, the treatment of
municipal wastewater continues to pose a significant challenge. The key
objective was to significantly reduce organic matter to ensure the pro-
vision of safe water for human use. The removal of nitrogen and phos-
phorus compounds from wastewater prior to discharge is vital because
high concentrations can lead to a reduction in dissolved oxygen levels,
thereby posing a threat to aquatic life. Numerous countries place a high
priority on enhancing water quality, particularly by reducing the levels
of nitrogen and phosphorus in wastewater effluents. The European
Urban Wastewater Treatment Directive outlines the maximum permis-
sible limits for discharged wastewater, including 125 mg/L for chemical
oxygen demand (COD), 1-2 mg/L for total phosphorus, and 10-15 mg/L
for nitrogen, with specific thresholds determined by population size
[77]. Fig. S2 shows the mechanisms by which microalgae remove con-
taminants [221].

The United Nations Sustainable Development Goal 6 underscores the
importance of access to safe drinking water and sanitation and advocates
for educational and community-based initiatives centered on cleanliness
and hygiene. Microalgae-based water remediation is a sustainable so-
lution initially employed in sewage treatment systems to counter envi-
ronmental pollution, especially in rapidly expanding aquatic ecosystems
[77,222,223]. Microalgae, such as Chlorella vulgaris and Scenedesmus
obliquus, show promise for bioremediation of wastewater [224].

Compared to traditional techniques, such as electrochemical
methods, membrane filtration, ion exchange, chemical precipitation,
and flotation, microalgae present significant advantages for heavy metal
removal from wastewater. Conventional methods often incur high
operating costs, produce toxic sludges, and lose effectiveness at low
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heavy-metal concentrations (<100 mg/L) [225-227]. The treatment of
municipal wastewater is both resource-intensive and expensive. In
contrast, microalgae-based treatment is an eco-friendly and sustainable
alternative that effectively eliminates contaminants while producing
valuable biomass [228,229]. Wastewater from swine farms contains
contaminants and nutrients, which pose environmental and health risks.
The cultivation of microalgae enhances the phytoremediation process
for swine wastewater owing to the exceptional ability of microalgae to
flourish in ammonia-rich environments [230]. Swine wastewater pro-
vides essential nutrients vital for vigorous microalgal growth and
biomass production. Harvested microalgal biomass has potential for
various applications, including bioenergy production (such as biogas)
[231,232], nutrient recovery (nitrogen and phosphorus), increased
biomass and lipid productivity, biomethane production, and biobutanol
production [233,234].

Microalgae perform photosynthesis and generate oxygen while
simultaneously assimilating carbon dioxide. This establishes a beneficial
cycle: bacteria utilize oxygen sourced from microalgae to oxidize
organic carbon, and in return, microalgae absorb the carbon dioxide
generated by bacterial respiration. Incorporating microalgae into
wastewater treatment processes can help reduce or eliminate the need
for aeration and carbon dioxide emissions, which can be achieved by
retrofitting existing facilities or constructing new ones. During growth,
microalgae absorb photosynthetically fixed carbon, nitrogen, and
phosphorus, thereby reducing bacterial nitrogen and phosphorus
removal requirements, aeration needs, and nitrous oxide emissions
[235,236]. Industrial, agricultural, and domestic waste pollution has
severely impacted freshwater bodies, including rivers and lakes,
endangering human communities and economies. Nitrogen oxides,
which are byproducts of fossil-fuel combustion, pose a considerable
threat to the environment and human health. The release of these pol-
lutants, including N2O, NO, NO3, N2O3, N3Oy, and N3Os, significantly
contributes to overall nitrogen pollution in the air [237,238]. Micro-
algae play a vital role in pollution mitigation by converting inorganic
nitrogen fertilizers into organic nitrogen compounds. Furthermore, they
can also produce proteins, vitamins, and polyphenols from NOx. This is
evident in processes, such as the BioDeNOX method for flue gas treat-
ment systems, which are based on microalgae. This demonstrates the
potential of microalgae to contribute to environmental sustainability
[236]. To successfully accomplish SDG 6, it is crucial to employ inno-
vative approaches, such as the application of microalgae to treat
polluted water. This method eliminates contaminants from water and
produces valuable biomass, thereby addressing both environmental
sustainability and resource restoration.

3.4. SDG 7: affordable and clean energy

The objective aims to ensure access to affordable, reliable, sustain-
able, and modern energy sources by 2030. To achieve this goal, research
has focused on green and sustainable bioenergy production. Studies of
third-generation biofuels, including biodiesel, bioethanol, biogas, bio-
oil, aviation fuels, and bioelectricity, have highlighted the potential of
microalgae. However, despite this potential, large-scale production of
microalgae for bioenergy encounters considerable challenges that
require resolution [239-241]. The European Union aims to obtain 20 %
of its energy from renewable sources, with a significant contribution
from biofuels [242]. Microalgae-based biofuels offer promising and
sustainable alternatives, demonstrating feasibility without competing
with food production [130,243]. Addressing global energy demands
while reducing carbon emissions underscores the importance of utilizing
microalgae for cost-effective and sustainable energy production [242].
Given the apparent unsustainability of fossil fuels such as coal and oil
[60], microalgae have emerged as promising candidates for eco-friendly
biofuel production, including bioethanol, biohydrogen, biodiesel, and
biogas [244-246]. Fig. S3 summarizes the key techniques and processes
involved in biofuel production from microalgae.
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3.5. SDG 13: climate action

The urgency to combat the catastrophic consequences of climate
change has not increased. Immediate action is essential to mitigate its
impact. Microalgae have emerged as a critical environmental solution,
both necessary and urgent. These diminutive entities have a significant
impact on the biogeochemical cycles of greenhouse gases, including
carbon dioxide, methane, and nitrous oxide. These gases are the major
contributors to global climate change. Human activities such as indus-
trial operations and the combustion of fossil fuels in power plants are the
main sources of greenhouse gases. This has led to a rise in the temper-
ature of over 2 °C since the pre-industrial era. This underscores the
critical role of microorganisms in influencing the climate of our planet
and the urgent need for sustainable practices [247]. Aligning with
SDG13, it is imperative to swiftly reduce the effects of climate change
and protect ecosystem integrity.

Microalgae play a vital role in the recycling of elements by inter-
acting with diverse biotic and abiotic factors. They contribute signifi-
cantly to both natural and human-engineered systems, including organic
matter decomposition, wastewater treatment, agricultural enhance-
ment, metabolite generation, and biofuel production [248]. Algal
communities engage in activities such as denitrification and respiration,
which can affect global variables such as CO5 concentrations, precipi-
tation patterns, and temperature. Modifications to these conditions have
a significant impact on the structure of algal ecosystems, resulting in
feedback loops that exacerbate environmental problems [249,250]. Soil
microorganisms act as essential carbon sinks, ultimately influencing
atmospheric carbon levels. Given the significance of soil carbon
sequestration, it is imperative to gain a comprehensive understanding of
the composition, ecology, and function of soil algae, as soil typically
exhibits higher concentrations of organic carbon than vegetation and
the atmosphere [250-252]. Indeed, a considerable hurdle persists; a
large number of soil algal species are not cultivable. Overcoming this
challenge requires the implementation of creative methods, including
high-throughput screening. This could enable extensive investigation of
a vast array of soil microorganisms and their potential capacity to reduce
the impact of climate change. This highlights the need for continued
research and development in this field to harness the full potential of
these microorganisms in our fight against climate change [250].

Studies have investigated the production of Chlorella in response to
the controlled addition of flue gases from coke ovens, yielding a biomass
of 2.87 g/L biomass. Impressively, this process effectively eliminated 50
% of SOx and 70 % of NOx, utilizing SO (87 mg/L) and NO (78 mg/L)
[253]. Concurrently, several microalgal species have grown in the
presence of gases emitted by thermoelectric plants, including 100 mg/L
of NO and 60 mg/L of SO5. Notably, C. vulgaris and Spirulina sp. achieved
concentrations of 0.98 g/L and 1.59 g/L, respectively, while S. obliquus
and Aspergillus nidulans attained concentrations of 0.68 g/L and 0.41 g/
L, respectively [254]. In conclusion, using microalgae to treat gaseous
effluents presents significant advantages over traditional methods,
effectively reducing the toxicity of flue gas while producing valuable
bioproducts and biofuels.

3.6. SDG 14: life below water

Water supply standards are crucial to human survival and sustain-
able development. As urbanization and industrialization continue to
expand, pollutants, such as toxins, sediment, bacteria, and nutrients, are
increasingly released into waterways, posing threats to public health
and affecting ecological, aesthetic, recreational, biological, and eco-
nomic value [255]. These impacts are in line with the objective of SDG-
14, which aims to reduce marine pollution and underscores the urgent
need for immediate measures to tackle eutrophication and restore eco-
systems. Although various treatment options are available, they often
fail owing to poor implementation, inadequate management, and con-
strained financial resources. Fortunately, certain microalgal species
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demonstrate significant potential for rapid removal or degradation of
excess nutrients, thereby providing a promising biological solution for
wastewater treatment. Economic technologies such as periphyton
ponds, filamentous algae nutrient scrubbers, and algal turf scrubbers
have been investigated for their potential in water purification. These
systems leverage the natural filtering capabilities of algae and other
aquatic organisms to remove pollutants. However, the effectiveness of
these technologies is affected by several factors. Regular harvesting is
crucial to prevent the system from being overloaded with biomass.
Optimal sunlight exposure is needed for photosynthesis, and nutrient
levels must be carefully managed to promote growth without causing
harmful algal blooms. The water depth should be shallow to ensure that
light can penetrate all the layers of the system, and the flow rate must be
controlled to allow sufficient contact time for the purification process.
This is a delicate balance, but when properly managed, these systems
can provide an effective and sustainable method for water purification.
This is another example of how microalgae and other aquatic organisms
contribute to environmental sustainability [248,256]. For example, a
constructed treatment system that utilizes filamentous microalgae
effectively eliminates significant quantities of nitrogen and phosphorus
from stormwater annually [255,257]. For example, treatment systems
utilizing filamentous microalgae effectively remove substantial amounts
of nitrogen and phosphorus from stormwater annually. Microalgae-
based flow methods have successfully reduced nutrient runoff in aqua-
culture operations, particularly in shrimp, catfish, and oyster farms.
Compared to constructed treatment wetlands, flowways utilizing fila-
mentous microalgae offer superior nutrient removal rates, increased
hydraulic capacities, reduced initial costs, and the potential for micro-
algae recovery. Aligning with SDG-7 (affordable and clean energy),
SDG-12 (sustainable consumption and production), and SDG-13
(climate action), this initiative makes a significant contribution to the
attainment of these global goals. This underscores the potential of
microalgae-based solutions to promote sustainability and address envi-
ronmental challenges [258].

Microalgae-based feeds are increasingly recognized as the future of
aquaculture nutrition, offering numerous advantages for large-scale
production. These feeds act as bedrock for feeding on lower-trophic
organisms, such as fish and zooplankton. These, in turn, provide suste-
nance for the higher trophic species in the food chain. Microalgae are
rich in essential nutrients, and their biomass composition can exhibit
notable variations. Depending on the conditions and species, some
microalgae contain up to 60 % carbohydrates, 70 % oils, or 60 % pro-
teins. This highlights the nutritional versatility of microalgae and their
potential role in sustainable food production systems [259]. Beyond
nourishment, microalgae release essential substances, such as hor-
mones, growth stimulants, pigments, and secondary metabolites. These
natural compounds have antimicrobial, immunostimulatory, antioxi-
dant, and anti-inflammatory effects that are critical for the well-being of
aquatic animals [260]. The promotion of microalgal cultivation in un-
suitable arable lands or coastal areas is essential for photosynthesis. The
transformation of atmospheric CO, into renewable nutrients reduces
water usage and fosters nutrient recycling in wastewater and seawater.
It enhances both terrestrial and aquatic ecosystems, supporting a sus-
tainable bioindustry in aquaculture [261]. Microalgae play a pivotal role
in addressing several SDGs, including SDG-1 (no poverty), SDG-2 (zero
hunger), SDG-12 (responsible consumption and production), and SDG-
14 (life below water). Microalgae contribute to the creation of biode-
gradable bioproducts by fostering environmentally friendly value chains
that minimize carbon emissions and optimize resource utilization. They
also provide a nutritious diet for the aquaculture industry. This un-
derscores the significant potential of microalgae to promote sustain-
ability and contribute to global development goals [262,263].

The potential of microalgae as a source of omega-3 fatty acids has
been a subject of considerable interest in the field of nutritional science.
Omega-3 fatty acids, recognized for their crucial role in strengthening
immune health, optimizing cardiovascular function, and protecting
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against chronic diseases, are in high demand globally [264,265]. The
global need for omega-3 currently surpasses production capacity by an
estimated 85 %, underscoring the substantial role that microalgae can
play in meeting human nutrition and aquaculture demands. In the realm
of aquaculture, several microalgal species, including Tetraselmis, Spir-
ulina, Chlorella, and Euglena, have shown antibacterial properties against
pathogens that impact shrimp and fish, leading to increased survival
rates in controlled experiments. For example, when diets are supple-
mented with Euglena or Chlorella, it enhances the immune response and
growth performance of freshwater species such as rohu, gibel carp, and
giant freshwater prawns, thereby strengthening their resistance against
pathogens such as Aeromonas hydrophila [266,267]. Recent advances in
biotechnology have paved the way for new applications for microalgae
in aquaculture. Genetically modified microorganisms can produce re-
combinant bioactive compounds, including growth promoters, vaccines,
antimicrobial agents, and immune stimulators. These innovations offer
cost-effective strategies for managing diseases, potentially reducing
reliance on labor-intensive techniques such as intramuscular or intra-
peritoneal vaccine injections, which are particularly challenging for
small fish and juveniles on a large scale [268-270]. Current advances in
microalgae-based aquaculture feeds show great potential for expanding
and enhancing the effectiveness of oral medications in this field. By
harnessing their natural bioactive properties and utilizing advanced
biotechnologies, microalgae can promote sustainable aquaculture
practices. This, in turn, can lead to better nutritional outcomes and
increased disease resistance in aquatic species.

3.7. SDG 15: life on land

Microalgae play a crucial role in enhancing soil fertility and quality
through nutrient solubilization and mineralization processes. They
release polysaccharides, hormones, antimicrobial compounds, and other
metabolites that promote plant growth and optimize nutrient utilization
in the soil [271]. As green and cost-effective biostimulants, microalgae
enhance nutrient concentrations, improve soil-quality traits, and in-
crease plant resilience to environmental stressors. These properties
make them attractive choices for environmentally conscious farmers and
gardeners [272]. Biostimulants derived from microalgae can be applied
in various contexts, from laboratory seedlings to hydroponic, green-
house, and field experiments [273]. Although macroalgae have already
been established as commercial soil additives, microalgae with similar
biostimulant characteristics have emerged [274]. Experimental findings
demonstrate that microalgae like Scenedesmus quadricauda and Chlorella
vulgaris effectively improve root characteristics and plant biomass in
various cultivation systems, including sugar beets and tomatoes.
Microalgae produce biologically active compounds that enhance plant
resilience to environmental stressors and promote the growth of bene-
ficial bacteria in the rhizosphere. For example, cyanobacteria, such as
Calothrix elenkinii, enhance rice biomass [275-277]. Microalgae posi-
tively affect both plant health and soil quality by improving the soil
structure, promoting soil aggregation, and increasing organic carbon
levels. These benefits reduce erosion, retain nutrients, and prevent
eutrophication in nearby water systems [278]. Microalgae also defend
plants against pathogens by secreting antimicrobial agents. Overall,
algae-based biostimulants have a significant potential to promote sus-
tainable agriculture and mitigate the environmental damage caused by
nutrient runoff and soil degradation [279,280].

Microalgae-based bioproducts offer several advantages because they
do not require arable land typically used in agriculture. Consequently,
they reduce competition with food production systems and positively
affect land use dynamics [281]. Algal cultivation occupies approxi-
mately five times less space than land-based plants that are commonly
used for oil production [282]. The use of microalgae in agriculture is
advantageous because it enhances public acceptance and supports large-
scale production systems without compromising agricultural develop-
ment or food security. However, several obstacles have hindered the
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widespread application of microalgae in agriculture. These challenges
include selecting suitable strains for specific purposes and managing
high initial and operational cultivation and harvesting costs [283,284].
Climatic conditions can also affect algal cultivation because moderate to
high temperatures are typically required for success [285]. Despite
recent advancements in Australia and Europe, the use of algae as feed
ingredients and nutritional supplements has been significantly boosted
by federal programs and initiatives in these countries [286-288]. The
potential of algae to increase agricultural sustainability and nutritional
value is gaining recognition. However, significant challenges must be
addressed before they can be widely adopted. These advancements
highlight the critical need to overcome these obstacles.

4. Technical and economic challenges

The use of microalgae in wastewater treatment shows promise;
however, practical and economic challenges have hindered its wide-
spread adoption in industry. A significant obstacle is the substantial
amount of energy required for microalgal cultivation. Similar to tradi-
tional wastewater treatment methods, microalgae culture often requires
aeration and pumping systems. These systems generate turbulent flow,
which is necessary to facilitate the exchange of oxygen and carbon di-
oxide and maintain an optimal environment conducive to microalgal
growth. Techno-economic evaluation of microalgal technology in the
Arabian Gulf has produced promising financial outcomes, as evidenced
by recent findings. This assessment focused on the biofixation of flue gas
in conjunction with wastewater treatment. These outcomes indicate
promising financial prospects for emerging economies that aim to
decrease their reliance on mineral oil-based economies. This highlights
the potential of microalgal technology as a sustainable and economically
feasible solution for wastewater treatment and energy production,
particularly in regions striving to diversify their energy sources [289].
The break-even selling price (BESP) for bio-crude produced has been
reported to be $0.544 per kg of biomass. This translates to approxi-
mately $0.9 per liter of extracted bio-crude, which covers operational
expenditure (OPEX) [77]. High-rate algal ponds (HRAPs) have demon-
strated considerable potential for the treatment of municipal waste-
water, particularly in regions with abundant solar radiation. A recent
life-cycle sustainability assessment comparing algae- and bacteria-
based wastewater treatment systems found that HRAPs are more envi-
ronmentally friendly and economically advantageous. Specifically, the
cost was found to be 0.18 €/m® for HRAPs compared with 0.26 €/m?> for
conventional systems [196]. These findings highlight the potential of
microalgae-based systems, not only in terms of environmental sustain-
ability but also in terms of economic viability. HRAPs contribute to CO;
sequestration and reduce eutrophication potential, with figures of
146.27 versus 458.27 x 10-3 kg CO; equiv./m3 and 126.14 versus
158.01 x 10-6 kg POy equiv./m>, respectively. Another study explored
HRAPs' potential of HRAPs to produce low-cost biofuels from waste-
water by estimating an energy output of 800-1400 GJ/ha/year from
harvested algal biomass [290,291].

Life-cycle analyses conducted by [292,293] highlighted the signifi-
cant operational energy consumption during the cultivation stage of
microalgal biomass production. Various studies have indicated that
mixing in photobioreactors (PBRs) using pumping and aeration con-
sumes approximately ten times more energy than mixing with paddle-
wheels in high-rate algae ponds (HRAPs) [294]. Specifically, the
recirculation pumps consumed 24 kWh/d per unit, whereas the aeration
pumps consumed 96 kWh/d per unit. The higher energy consumption of
the recirculation pumps was due to the operation of ten units compared
to one unit of the aeration pump. Overall, the energy consumption rate
reached 15 kWh/m?, significantly exceeding that of mechanical and/or
aerated mixing in conventional wastewater treatment systems (ranging
from 0.15 to 0.62 kWh/m3) [295].

Aeration plays a crucial role in microalgae cultivation. Its primary
purpose is to supply carbon in the form of CO,, which is a vital nutrient
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for microalgal growth. Additionally, aeration enhances the uptake of
inorganic nitrogen and phosphorus, which are crucial elements in
microalgal growth and metabolic activities. This process ensures
optimal growth conditions and contributes to the efficiency of micro-
algae cultivation for various applications, including biofuel production
and wastewater treatment [235]. However, energy-intensive air
compression (with or without CO, enrichment) significantly contributes
to the high operational costs. To address this, a practical approach in-
volves the direct addition of a dissolved carbon source, such as bicar-
bonate or glucose, to the culture medium [296-300]. This method aims
to optimize microalgae incorporation of additional carbon. Further-
more, incorporating carbon-rich waste materials can bolster microalgae
wastewater supply and align with broader environmental goals by
promoting resource recovery, minimizing material costs, and adhering
to circular economic principles.

The extent to which microalgae can be effectively integrated into
wastewater treatment processes depends heavily on the specific stage at
which they are added. Traditionally, microalgae have been utilized in
tertiary treatment stages, which follow an energy-intensive secondary
treatment phase, further reducing the concentrations of inorganic ni-
trogen and phosphorus. However, this approach does not significantly
lower the overall energy demand because it requires additional mixing
and aeration. A more efficient alternative could be to incorporate
microalgae earlier in the treatment process, specifically as a secondary
biological treatment step, when applied to primary-settled wastewater.
This approach can optimize energy usage and improve treatment effi-
ciency by leveraging microalgae's ability to assimilate nutrients and
pollutants. While many studies have investigated various microalgal
species in wastewater treatment, they often do so under different envi-
ronmental and cultivation conditions. Implementing standardized pro-
tocols and consistent environmental conditions could yield more robust
insights into microalgae's role in wastewater treatment, paving the way
for more effective and sustainable wastewater management strategies.

5. Challenges and future perspectives

Microalgae are frequently acclaimed for their rapid growth rates and
outstanding carbon sequestration capabilities. Consequently, it is
imperative to evaluate these claims thoroughly. Microalgae are known
for their accelerated growth and effective carbon capture; however, this
does not necessarily make them suitable for all applications. Their
ability to flourish in various environments, including infertile land and
wastewater, is noteworthy; however, it does not guarantee their survival
under all conditions. Furthermore, although microalgae can process
both organic and inorganic carbon sources to enhance their carbon
sequestration potential, the efficiency of this process under different
environmental conditions remains to be investigated thoroughly.
Although promising, microalgae capabilities should be evaluated using a
critical eye [301]. Additionally, microalgal biomass contains various
secondary metabolites, including lipids, pigments, proteins, and carbo-
hydrates [302,303]. These compounds have diverse applications in
various industries, ranging from energy and health to cosmetics [304].
Dunaliella, Tetraselmis, and Spirulina are widely recognized for their
natural antioxidant properties. In particular, Schizochytrium sp. is
renowned for its omega-3 fatty acids used in the production of yogurt
beverages. Furthermore, Chlorella sp. has also been utilized to create
nutritious snacks [305].

Despite these potential benefits, the economic viability of microalgae
as a means of carbon dioxide sequestration remains a significant hurdle.
Open-pond cultivation systems tend to exhibit low productivity, and
outdoor cultivation is susceptible to bacterial and fungal contamination
[306]. The significance of microalgae in carbon sequestration has been
highlighted by various factors, emphasizing the need for technological
advancements and improved cultivation methods to increase efficiency
and lower production costs. This could unlock the full potential of
microalgae in carbon sequestration and other applications.
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Fig. 6. Challenges and future perspectives of microalgae-mediated bioremediation of wastewater.
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Unfortunately, closed photobioreactors are associated with high oper-
ational costs [307]. Over the past two decades, several large-scale fa-
cilities have been developed to treat industrial flue gas using microalgae.
Although microalgae-mediated bioremediation offers great potential as
a sustainable solution for environmental pollution, several challenges,
illustrated in Fig. 6, must be overcome for its successful implementation.

Notable examples include Termizo Inc. and Fukushima Municipal
Waste Treatment Plants, which collectively process over 90,000 tons of
waste annually. These plants utilize waste gas and water to cultivate
microalgae harvested for biodiesel production. The Fukushima plant, in
particular, produces 60.55 metric tons of dry microalgal biomass each
year and recycles 83.3 metric tons of CO annually [113]. However, the
direct use of flue gas poses challenges because of the high concentrations
of NOx and SOy, which can harm microalgal cells and inhibit their
growth. Therefore, capturing CO, directly from flue gas is not the
preferred approach. Most microalgae-based carbon sequestration
studies have been conducted in laboratory settings, with only a limited
number of experiments conducted outdoors in natural environments.
Although phytohormones can boost efficiency, the additional costs
associated with their use could pose a significant barrier to large-scale
cultivation. However, promising innovations such as microbubble sys-
tems, low-cost adsorbents, and genetic engineering techniques that are
intended to improve CO, fixation by microalgae have emerged on the
horizon. Several steps must be taken to harness the potential of micro-
algae for carbon sequestration on a commercial scale. These include
deepening our understanding of the mechanisms underlying carbon
fixation, selecting strains that produce high levels of biomass, devel-
oping effective cultivation and harvesting techniques, integrating car-
bon fixation with the development of value-added products, and
conducting comprehensive techno-economic analyses [308].

Genetic engineering presents significant potential for creating
microalgal strains that thrive under elevated CO, levels and adverse
environmental conditions while maintaining efficient carbon fixation.
Considering the potential benefits and obstacles that may surface, it is
crucial to evaluate these advancements carefully and analytically [309].
This review highlighted the significant contribution of microalgae to
sustainable development and climate resilience. This underscores the
importance of microalgae as a sustainable alternative to traditional
farming methods by demonstrating their ability to supply essential nu-
trients, purify wastewater, and sequester carbon. Additionally, we
illustrate how microalgal biofuels can facilitate the transition to a low-
carbon economy while enhancing environmental remediation and
waste management practices. Cross-disciplinary collaboration and
research can fully harness the potential of microalgae to address critical
global challenges and make substantial progress towards achieving the
United Nations' SDGs. Ultimately, this study advocates further explo-
ration and innovation in microalgae utilization, setting the foundation
for a more sustainable future.

6. Conclusions

This review highlights the pivotal role of microalgae in wastewater
remediation and ecological restoration. The cultivation of microalgae in
wastewater facilitates bioenergy generation and highlights their signif-
icant environmental and economic value. Delving into specifics

1. Microalgae utilize nutrients from wastewater for growth, reduce
pollutants, and aid in ecological restoration by cleaning contami-
nated environments and generating biomass.

2. Cultivating microalgae in wastewater systems contributes to envi-
ronmental remediation and serves as a source of bioenergy through
biomass production, supporting sustainable water management and
renewable energy generation.

3. Microalgae can rehabilitate degraded land, enhance soil fertility, and
promote plant growth. They can be integrated into sustainable
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agriculture by producing biofertilizers and bioactive compounds to
improve crop yield.

4. Microalgae absorb CO, during growth and contribute to climate-
change mitigation. Their role in large-scale biomass production is
crucial for bioenergy generation, as they offer an alternative to fossil
fuels and enhance energy security.

5. Despite their potential, high production costs have hindered their
widespread application, particularly in harvesting and processing.
Microalgae are sensitive to environmental variables, which poses
challenges for consistent large-scale cultivation. Technological in-
novations and cost-effective strategies are required to overcome
these limitations.

6. Microalgae contribute to SDG 7 (Clean Energy) as a renewable bio-
fuel source. They supported SDGs 8, 9, and 12 by fostering sustain-
able economic growth, innovation in bio-based industries, and
responsible production practices. Their environmental impact aligns
with SDGs 6, 11, 13, 14, and 15, which promote water purification,
sustainable cities, climate action, and biodiversity conservation.

7. Microalgae produce high-value bioactive compounds, biofuels, and
biofertilizers, supporting various industries, reducing reliance on
nonrenewable resources, and promoting sustainability across mul-
tiple sectors.

8. Future study is required to reduce production costs through in-
novations in cultivation, harvesting, and processing technologies.
Expanding field-based studies is crucial for understanding the real-
world application of micro-algal systems in diverse environments.
Investment in interdisciplinary research, policy support, and public-
private partnerships is essential to maximize the socio-
environmental benefits of microalgae.
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