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ABSTRACT

Rapid population growth and intensified human activities such as mining operations, industrial discharge, ore
smelting, fossil fuel combustion—particularly coal—along with the agricultural use of arsenic-contaminated water,
pesticides, herbicides, and fertilizers have significantly compromised freshwater resources intended for human
use. Urban wastewater is characterized by the presence of numerous contaminants that pose toxicity risks to both
microorganisms and higher life forms, thereby necessitating effective treatment strategies. Among emerging solutions,
microalgae have received considerable scientific attention due to their strong potential to remove pollutants from both
industrial and domestic wastewater streams. Researchers emphasize microalgal-based remediation approaches because
of the organisms’ capacity to adapt, grow, and remain metabolically active under diverse and harsh environmental
conditions. In addition to pollutant removal, microalgae contribute to carbon dioxide sequestration, offering an added
environmental benefit. Their integration into wastewater treatment systems aligns closely with circular bioeconomy
principles, as microalgal processes enable the simultancous generation of valuable bio-based products during
conventional treatment operations. This systematic review examines the role of microalgae in urban wastewater
treatment, focusing on remediation mechanisms, pollutant removal strategies, and operational approaches. Furthermore,
the study explores future opportunities for incorporating microalgal technologies into circular bioeconomy frameworks
alongside sustainable wastewater management.
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1. Introduction

Accelerated industrial expansion and increasing hu-
man settlements have led to a substantial rise in waste gen-
eration, resulting in pronounced adverse effects on natural
ecosystems and global climate systems. The uncontrolled
discharge of industrial wastewater is a key contributor to
environmental contamination, introducing heavy metals,
pesticides, pharmaceutical residues, and petroleum-de-
rived compounds into natural surroundings. In addition to
these pollutants, industrial effluents also contain organic
substances such as amino acids, carbohydrates, lipids, and
volatile fatty acids. Elevated concentrations of inorganic
constituents—including chlorine, magnesium, potassium,
sulfur, and sodium—are likewise introduced into ecosys-
tems through wastewater discharge ",

Urban and industrial wastewater commonly contains a
mixture of organic compounds, including proteins, fats, car-
bohydrates, and amino acids, as well as volatile acids and in-
organic ions such as ammonium salts, arsenic, bicarbonate,
calcium, phosphate, and sodium. Furthermore, wastewater
environments host diverse microbial populations compris-
ing both non-pathogenic and pathogenic organisms. While
certain bacteria, fungi, and protozoa contribute to natural
wastewater treatment processes, the presence of pathogenic
microorganisms remains a major concern due to their role
in spreading waterborne diseases such as cholera, dysentery,
hepatitis, tuberculosis, and typhoid. The release of untreated
wastewater into natural water bodies significantly elevates
toxicity levels and biological oxygen demand, ultimately
disrupting aquatic ecosystems .

Effective wastewater treatment is therefore essential
for mitigating environmental and public health risks asso-
ciated with toxic pollutants. Urban wastewater treatment
facilities are primarily designed to reduce organic load and
lower pathogenic microbial concentrations. The config-
uration of these treatment plants depends on wastewater
characteristics, industrial effluent quality, land availability,
and economic constraints. Conventional treatment sys-
tems generally focus on primary and secondary treatment
processes, often excluding advanced tertiary treatments
involving specialized microorganisms . Evidence sug-
gests that traditional treatment approaches are frequently

insufficient for the complete removal of persistent contam-

inants such as heavy metals, pharmaceutical compounds,
and pesticides. Additionally, conventional methods gener-
ate substantial volumes of sludge, which pose secondary
environmental challenges and require further treatment or
disposal strategies ™*.

In response to these limitations, microalgae-based
wastewater treatment technologies have emerged as envi-
ronmentally sustainable and economically viable alterna-
tives. Microalgae utilize nitrogen, phosphorus, and other
organic and inorganic nutrients present in wastewater for
growth, thereby reducing pollutant concentrations while
simultaneously producing oxygen through photosynthesis.
These characteristics make microalgae particularly attrac-
tive for integrated wastewater treatment applications. This
review examines the significance of microalgae in urban
wastewater management and evaluates their contribution
to circular bioeconomy development through sustainable
resource recovery .

Microalgae are microscopic, photosynthetic organ-
isms widely distributed across freshwater and marine en-
vironments. Their photosynthetic efficiency is comparable
to that of terrestrial plants, largely due to their cellular
architecture and aquatic habitat. One of the key biochem-
ical attributes of microalgae is their ability to synthesize
fatty acids, which has driven growing interest in microal-
gal-based technologies. The production of polyunsaturated
fatty acids is often enhanced when microalgae are exposed
to environmental stress conditions. Species such as Nan-
nochloropsis oculata and Porphyridium purpureum have
demonstrated increased synthesis of polyunsaturated fatty
acids under nutrient-limited conditions. Phosphate depri-
vation, in particular, alters lipid metabolism by stimulating
desaturase enzyme activity, thereby modifying fatty acid
composition .

The microalgal cell wall is primarily composed of
cellulose along with proteins, polysaccharides, and lipids.
Various functional groups—including amino, hydroxyl,
carboxyl, carbonyl, phosphate, and sulthydryl groups—
confer a net negative charge to the cell surface and facil-
itate metal ion binding. The chemical composition and
structural properties of the cell wall play a critical role in
determining heavy metal uptake efficiency. Microalgae
exhibit remarkable tolerance to toxic metal concentrations

due to their adaptive physiological mechanisms. Survival
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in contaminated environments is supported by genetic reg-
ulation, chelation processes, immobilization strategies, and
exclusion mechanisms .

Once metal ions enter microalgal cells, protein—
metal complexes form, triggering the secretion of antiox-
idants such as pyochelins and specialized enzymes. The
synthesis of phytochelatins further contributes to metal de-

toxification. In addition, microalgae produce extracellular

polymeric substances (EPS), which significantly enhance
bioremediation efficiency ¥. EPS contains polysaccharides
and proteins with functional groups capable of binding
metal ions. For example, Chlorella pyrenoidosa secretes
EPS that effectively interacts with arsenic ions in fresh-
water systems. The advantages and limitations associated
with microalgae-based urban wastewater treatment are

summarized in Table 1.

Table 1. Benefits and drawbacks of microalgae utilization in urban wastewater treatment.

S. No. Category

Description

The pollutants are used as nutrients up to 70-90%.

Environmentally friendly process without production of sludge.

1 Benefits

Growth rate of microalgae is elevated in wastewater treatment plants.

Production of value-added byproducts.

Technique is easy to execute.

Not all strains of microalgae are efficient in the remediation technique for all types of wastewater.

2 Drawbacks

A higher land footprint is required for execution.

Sensitive towards the pathogenic microorganisms such as bacteria and protozoa.

2. Literature Review

2.1. Environmental Applications of Microal-
gae

The high photosynthetic efficiency of microalgae
enables them to actively capture, sequester, and recycle
atmospheric carbon dioxide, contributing to the gener-
ation of biofuels and a range of valuable bioproducts.
When compared with higher terrestrial plants, microalgae
demonstrate superior carbon fixation efficiency due to rap-
id growth rates and efficient cellular metabolism. Carbon
dioxide released from industrial activities can be absorbed
by microalgae and converted into organic compounds such
as carbohydrates, proteins, and lipids through photosyn-
thetic pathways ..

In recent years, microalgae have gained substantial
recognition within the field of environmental biotechnol-
ogy. Their bioremediation capacity frequently surpasses
that of conventional chemical treatment methods. A distin-
guishing advantage of microalgal systems is their ability to
assimilate environmental contaminants directly as nutrient
sources, thereby reducing pollutant concentrations while
sustaining cellular growth. Microalgae are well adapted

to extreme environmental conditions and often establish

synergistic interactions with other microorganisms and
plants. These symbiotic relationships enhance resilience to
environmental fluctuations and improve long-term system
sustainability in industrial applications. Although microal-
gal remediation processes typically require longer opera-
tional periods than chemical treatments, they offer superior
cost-effectiveness and environmental compatibility .
Microalgae employ two primary mechanisms—
bioaccumulation and biosorption—for the removal of
toxic metal pollutants from contaminated water sources.
Bioaccumulation involves metabolically active cells that
internalize heavy metals through intracellular binding,
methylation, or precipitation processes. In contrast, bio-
sorption relies on metabolically inactive biomass that
functions as a biological adsorbent capable of binding

. 11,12
metal ions to cell surface structures |

I Both approach-
es are environmentally benign and effective in reducing
metal concentrations. Previous studies have demonstrated
that Spirulina platensis can remove copper and cadmium
with efficiencies ranging from 91% to 98%, while spe-
cies such as Chlorella and Scenedesmus have shown the
ability to eliminate calcium, cadmium, copper, zinc, man-
ganese, and magnesium from polluted environments '),
The efficiency of metal uptake is strongly influenced by

pH, which affects both cell surface charge and metal ion
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speciation. Temperature and contact time may also influ-
ence removal efficiency, particularly when live cells are
involved ",

The removal of synthetic dyes from industrial ef-
fluents represents another critical environmental chal-
lenge addressed through microalgal biomass application.
Industrial dyes, once discharged into the environment,
pose serious ecological and health risks. Microalgal dye
removal efficiency is influenced by several parameters,
including pH, temperature, contact duration, dye concen-
tration, species selection, and biomass density. Traditional
wastewater dye treatment methods—such as adsorption,
flocculation, oxidation, ultrafiltration, and coagulation—
often suffer from technical limitations and high operation-
al costs "*. Consequently, microbial-based interventions
have emerged as promising alternatives. Microalgae offer
advantages including operational simplicity, economic
feasibility, high adsorption capacity, and reliance on read-
ily available materials. Their solar-driven metabolism
further reduces energy consumption. In addition to dyes,
microalgae have demonstrated potential in degrading
pharmaceutical compounds released through hospital and

domestic wastewater streams "',

2.2. Applications of Microalgae in Urban
Wastewater Treatment

Urban wastewater management generally involves
three treatment stages: primary, secondary, and tertiary
treatment. Primary treatment focuses on the physical re-
moval of suspended solids, while secondary treatment
employs microbial processes to degrade organic matter.
These treatment stages often require substantial operation-
al investment and infrastructure. Conventional chemical
treatment methods frequently rely on metal salts such as
aluminum and iron for pollutant precipitation, generating
large volumes of sludge that require additional handling
and disposal. Similarly, biological treatment systems ne-
cessitate complex infrastructure and high capital expendi-
ture for sludge management """,

The inherent limitations of chemical and biological
treatment approaches have accelerated interest in alterna-
tive and more sustainable wastewater management strat-

egies. Microalgae-based remediation has emerged as an

effective substitute for conventional treatment technolo-
gies due to its capacity to treat both liquid and solid waste
streams while converting pollutants into valuable biomass.
Integrating microalgal harvesting with wastewater treat-
ment significantly reduces operational costs. Microalgae
efficiently assimilate nutrients present in wastewater and
convert them into biomass suitable for commercial appli-
cations. Compared to vascular plants, microalgae exhibit
faster growth rates and can be cultivated without causing
adverse environmental effects '*.

Under optimized laboratory-scale and controlled pi-
lot-scale conditions, microalgal biomass has been reported
to double within approximately 13 h. Such growth rates
are typically achieved under ideal nutrient availability,
light intensity, and temperature control, and may not be di-
rectly reproducible under full-scale operational conditions.
Microalgae also exhibit tolerance to adverse environments,
enabling cultivation in wastewater systems without com-
peting for agricultural land resources.

Microalgal cultivation may occur under autotrophic,
heterotrophic, or mixotrophic growth modes. In autotro-
phic systems, carbon dioxide serves as the primary carbon
source, contributing to greenhouse gas mitigation. Report-
ed carbon dioxide sequestration capacities—approximately
1.8 pounds of CO: per unit biomass—are generally derived
from optimized experimental conditions. Obligate hetero-
trophic microalgae utilize organic carbon sources such as
acetate, ethanol, glucose, and glycerol derived from indus-
trial waste streams, while mixotrophic species combine
both pathways to enhance biomass productivity ""*"'. Fig-
ure 1 describes the process involved in wastewater man-
agement.

During wastewater treatment, microalgae assimilate
carbon dioxide, nitrogen, and phosphorus, converting them
into carbohydrates, proteins, lipids, and other bio-based
products. The nutrient-rich composition of wastewater
enables cost-effective microalgal cultivation while sig-
nificantly reducing carbon emissions ", Microalgae have
been successfully applied to agricultural, municipal, and
industrial wastewater treatment systems. Treatment effi-
ciency depends on factors such as nutrient availability, car-
bon dioxide supply, pH, temperature, and salinity, which
collectively influence microalgal growth and biomolecule

production .
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Industrial Effluents ” Agricultural Wastes ” Domestic Wastes |

Treatment with autotrophic,
Wastewater Treatment Plant } heterotrophic and mixotrophic cg;a‘::: -
microalgae
Cultivation of Microalgae
Harvesting of Microalgae
biomass
Generation of Generation of
Biofuels Value added
byproducts

Figure 1. Process involved in wastewater management using microalgal approach.

Despite their advantages, microalgae-based waste-
water treatment systems face challenges related to biomass
harvesting, biomolecule recovery, and potential exposure
to toxic compounds such as antibiotics and pesticides. In
some cases, self-flocculation occurs due to EPS-mediated

cell aggregation, partially simplifying harvesting. Nev-

ertheless, the low energy demand, adaptability to diverse
conditions, and ability to convert pollutants into high-value
products make microalgae an attractive option for sustain-
able urban wastewater management ', Table 2 presents

the application of microalgae in the remediation of con-
taminants from urban wastewater.

Table 2. Application of microalgae in the remediation of contaminants from urban wastewater.

S. No. Microalgae Used Contaminants Removed % Remediation References
1 Consortium of Microalgae (Scenedesmus sp. and Carbamazepine 20 Abdelfattah et al.
Chlorella sp.)
2 Selenastrum capricornutum Estradiol, 17a ethinylestradiol 88-100, 60-95
3 Consortium of Microalgae Acetaminophen, Carbamazepine, Ibuprofen 62,99, 99
4 Microalgae co-culture Nitrate and Phosphate 93,99 Verma et al. !
5 Spirulina platensis in combination with other algae  Nitrate and Phosphate Jain and Varma "'
6 Chlorella vulgaris Nitrate, Phosphate and Ammonia 95, 97.6,99.3 Chawla et al. ¥
7 Heterochlorella sp. Manganese 84 Pl6hn et al. !

2.3.Remediation Strategies Employed by Mi-
croalgae

Microalgal remediation of wastewater contaminants
is primarily achieved through three fundamental mecha-
nisms: bioaccumulation, biosorption, and biodegradation.
Each approach operates through distinct biological and
physicochemical pathways, enabling the effective removal

of a wide spectrum of pollutants.
2.3.1. Bioaccumulation

Bioaccumulation is an energy-dependent, metabol-

ically active process occurring within living microalgal
cells. Although this mechanism generally proceeds at a
slower rate compared to passive remediation techniques,
it enables the internal sequestration and transformation
of contaminants. During bioaccumulation, pollutants are
transported into microalgal cells, where they are either
stored in intracellular compartments or metabolized as part
of normal cellular functions **.

Microalgae are capable of assimilating a diverse
range of organic and inorganic contaminants, including
heavy metals, nitrates, phosphates, sulfates, and other nu-

trient-based compounds. These substances enter the cells
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alongside essential nutrients and micronutrients required
for growth. Due to their high tolerance to hostile environ-
ments, microalgae can efficiently remove pollutants even
at relatively low concentrations. This adaptability contrib-
utes to their elevated bioremediation potential in urban
wastewater systems o271,

The effectiveness of bioaccumulation is often quanti-
fied using the bioconcentration factor, which represents the
ratio of pollutant concentration within the biomass rela-
tive to that in the surrounding medium. The initial stage of
bioaccumulation involves surface-level adsorption, where
contaminants bind to the cell wall before being transport-
ed into the intracellular environment. Certain filamentous
and unicellular algae have demonstrated exceptional ac-
cumulation capacities for pharmaceuticals and radioactive
substances. Pollutant transport may occur through passive
diffusion, particularly for nonpolar, lipid-soluble, low-mo-
lecular-weight compounds, while larger or polar molecules
typically require active transport mechanisms. The inter-
action between contaminants and cellular membranes can
alter membrane permeability, leading to physiological re-

sponses such as depolarization or hyperpolarization **.

2.3.2. Biosorption

Biosorption is a passive remediation process that
does not rely on metabolic activity and is typically con-
ducted using dead or inactivated biological material. In this
approach, microalgal biomass serves as a biosorbent that
binds contaminants from the liquid phase onto its surface.
The process is governed by mass transfer phenomena and
continues until equilibrium is established between pollut-
ant concentrations in the wastewater and on the biosorbent
surface. Multiple mechanisms contribute to biosorption,
including physical adsorption, chemical binding, electro-
static attraction, ion exchange, precipitation, and surface
complexation. This method has been extensively applied
for the removal of heavy metals from wastewater systems.
Interestingly, trace amounts of certain metals can stimu-
late microalgal growth and enzymatic activity, as elements
such as iron, copper, zinc, manganese, and cobalt play es-
sential roles in cellular metabolism ">,

Microalgal cell walls are rich in functional groups
derived from polysaccharides, proteins, lipids, and extra-
cellular polymeric substances. These functional groups—

such as carboxyl, hydroxyl, sulfate, and amine groups—

provide numerous binding sites for both cationic and
anionic metal species. Biosorption generally occurs in two
stages: a rapid initial phase involving reversible surface
binding, followed by a slower phase characterized by in-
tracellular diffusion or stronger complex formation. The
efficiency of biosorption is influenced by wastewater com-
position, metal speciation, pH, temperature, and operation-
al conditions. The presence of EPS significantly enhances
biosorption capacity by increasing surface area and bind-

ing site availability .

2.3.3. Biodegradation

Biodegradation involves the enzymatic breakdown
of complex and toxic compounds into simpler, less harm-
ful end products. Unlike bioaccumulation and biosorption,
which primarily immobilize contaminants, biodegradation
results in chemical transformation through mineralization or
partial conversion. Complete mineralization produces end
products such as carbon dioxide and water, whereas trans-
formation yields intermediate compounds with reduced tox-
icity. Biodegradation by microalgae can occur through met-
abolic degradation, in which contaminants serve as sources
of carbon or electrons, or through enzyme-mediated metab-
olism involving intracellular or extracellular enzymes. Both
intracellular and extracellular degradation pathways have
been observed in microalgal systems. Extracellular poly-
meric substances play a crucial role by increasing pollutant
bioavailability and facilitating emulsification.

Microalgal biodegradation generally proceeds
through three sequential stages. The first stage involves
oxidation or reduction reactions mediated by enzymes
such as monooxygenases, hydrolases, and carboxylases,
which enhance contaminant hydrophilicity. The second
stage includes conjugation reactions facilitated by en-
zymes like glutathione-S-transferases, protecting cells
from oxidative stress. The final stage results in the for-
mation of non-toxic or low-toxicity end products through
the action of dehydrogenases, transferases, laccases, and
related enzymes. Even artificial intelligence can help

achieve sustainability """

3. Impact of Co-Culturing Strategies
in Wastewater Treatment

Co-culturing, also referred to as co-cultivation,
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involves the simultaneous growth of two or more micro-
bial species within a shared environment, enabling syn-
ergistic interactions that enhance wastewater treatment
efficiency. This approach has gained increasing attention
for its ability to improve contaminant removal and sim-
plify biomass harvesting. One widely studied co-cul-
turing strategy involves the integration of microalgae
with filamentous fungi. This system typically operates
through pellet formation followed by pellet recovery.
Two primary methods are employed: the introduction
of fungal spores into microalgal cultures or the addition
of pre-formed fungal pellets. Both approaches promote

bioflocculation, facilitating easier separation of biomass

from treated water.

Beyond fungi, bacterial-assisted microalgal harvest-
ing has also demonstrated promising results. In some sys-
tems, bacteria, fungi, and microalgae are combined to form
complex consortia that enhance biomass aggregation and
pollutant removal. Such systems are particularly advanta-
geous in industrial wastewater treatment, where steriliza-
tion is impractical and diverse microbial populations coex-
ist naturally. Hydrophobic interactions between microbial
surfaces—especially those mediated by fungal proteins—
play a key role in promoting flocculation and stable pellet
formation. Figure 2 below shows the inclusion of fungal

spores in the microalgae harvest.

Co-Cultivation

of the

organisms

" SR

Presence of fungal
spores on the fungal
colonies grown on
petriplate

Fungal spores are
inoculated on microalgae
containing environment

Development and
growth of the
microalgae fungi
pellets

Figure 2. Inclusion of fungal spores in the microalgae harvest.

Nutrient-rich wastewater serves as an effective
growth medium for co-cultured microbial systems. The
combination of microalgae and fungi offers several advan-
tages, including reduced operational costs, accelerated con-
taminant removal, and improved environmental sustain-
ability. Excess nutrients such as nitrogen and phosphorus,

which can otherwise cause eutrophication, are efficiently

assimilated through co-cultivation. Moreover, microalgae
supply oxygen via photosynthesis, supporting aerobic fun-
gal metabolism, while fungi release carbon dioxide that en-
hances algal photosynthesis. This reciprocal gas exchange
strengthens system stability and efficiency.

Filamentous fungi further contribute by degrading

complex organic matter and releasing extracellular en-



Urban Planning and Construction | Volume 04 | Issue 01 | May 2026

zymes that convert high-molecular-weight compounds
into simpler substrates readily assimilated by microalgae.
Co-cultivation also enhances heavy metal remediation.
While microalgae can adsorb and accumulate metals, re-
covering these metals from algal biomass alone can be
costly. The inclusion of fungi, which possess strong met-
al-binding capabilities, improves removal efficiency and
simplifies biomass handling. Studies have shown that al-
gal-fungal consortia outperform monocultures in heavy
metal adsorption, highlighting the industrial relevance of

co-culturing strategies.

4. Concept of a Circular Bioecono-
my

Traditional refinery models are designed to convert
raw materials into a limited range of value-added products,
primarily focusing on economic output. In contrast, mi-
croalgal biorefineries represent an advanced and sustain-
able framework in which algal biomass is utilized to gen-
erate multiple products while simultaneously addressing
environmental challenges. The incorporation of microalgae
into wastewater treatment systems contributes to carbon
dioxide mitigation, nutrient recovery, and the production
of renewable biofuels and bioproducts such as chemicals,
fertilizers, and dietary supplements.

Microalgae offer several advantages over conven-
tional biomass sources, as they are not used as staple food
crops and do not compete with agricultural land resources.
Their rapid growth rates and high photosynthetic efficiency
further enhance their suitability for integrated biorefinery
applications. Increasing attention has been directed toward
zero-waste biorefinery models, where both liquid and solid
industrial effluents serve as feedstocks for microalgal cul-
tivation and product recovery. The integration of microal-
gal systems with renewable energy technologies, such as
solar-based processes, has the potential to enable near-zero
carbon industrial operations.

Economic viability is a key consideration for the
widespread adoption of microalgal biorefineries. Cost ef-
ficiency can be significantly improved by maximizing the
utilization of all process outputs and optimizing down-
stream processing steps. Ongoing research aims to enhance

biomass productivity and product yields while reducing

operational expenses. Certain microalgal species, including
Spirulina, contain exceptionally high protein content and
exhibit functional properties beneficial to human health,
such as anti-inflammatory, antiviral, and antidiabetic ef-
fects. When cultivated in nutrient-rich wastewater environ-
ments, these species may also serve as valuable sources of
essential minerals, provided appropriate safety and quality
controls are implemented. Other commercially important
microalgae, such as Chlorella, Dunaliella, and Haemato-
coccus, are capable of producing bioactive compounds,
including beta-carotene and astaxanthin, which have
well-established health benefits. These attributes support
the application of microalgal biomass in aquaculture feed,
animal nutrition, and sustainable feedstock development.
Further research into genetic enhancement and bioprocess
optimization is necessary to expand agricultural and indus-
trial applications.

Microalgae also present a promising alternative to fos-
sil fuel—derived chemicals. Given growing concerns over the
environmental impacts of petrochemical plastics, microalgal
biomass is increasingly explored for the production of bio-
degradable polymers and bioplastics. The high lipid, carbo-
hydrate, and starch content of certain microalgal strains sup-
ports efficient conversion into bio-based materials. Effective
process management and product evaluation are essential to
ensure economic feasibility and market competitiveness. In
addition to material production, microalgae play a signifi-
cant role in renewable energy generation, including biodies-
el, biohydrogen, and biofertilizer production. Microalgal
biofertilizers enhance seed germination and plant growth
through bio-stimulatory effects, although broader market
adoption requires improved strain selection and metabolite
optimization. Under optimal cultivation conditions, microal-
gal systems can yield substantial quantities of biodiesel per
hectare annually. Furthermore, wastewater-based cultivation
can facilitate biohydrogen production through photobiologi-
cal processes.

Despite their considerable theoretical potential, mi-
croalgal biorefineries face challenges related to scaling,
capital investment, and limited industrial demonstration.
Most existing studies remain confined to laboratory or pi-
lot-scale experiments. To fully realize the benefits of circu-
lar bioeconomy integration, future research must prioritize

large-scale operational data and real-world implementation
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to validate technical and economic performance.

4.1.Research Gaps Identified from the Review

Despite extensive research on microalgae-based
wastewater treatment, several critical gaps remain that
hinder large-scale implementation in urban contexts. First,
limited empirical evidence is available on the long-term
operational stability of microalgal systems under fluctu-
ating wastewater characteristics, seasonal variations, and
prolonged exposure to toxic compounds. Most reported
studies are conducted under controlled laboratory or short-
term pilot conditions, which do not fully reflect real opera-
tional environments.

Second, challenges associated with scaling up mi-
croalgal wastewater treatment from laboratory and pilot
scales to full-scale commercial applications remain insuffi-
ciently addressed. Issues related to reactor design, biomass
harvesting efficiency, land requirements, and process inte-
gration continue to constrain practical deployment.

Third, the integration of microalgal treatment sys-
tems with existing urban wastewater treatment infrastruc-
ture requires further investigation. Limited studies evaluate
how microalgal processes can be retrofitted into conven-
tional treatment trains without disrupting existing opera-
tions or significantly increasing capital costs.

Finally, comprehensive economic feasibility analyses
and life-cycle assessments are scarce. While many studies
highlight environmental benefits, fewer evaluate long-term
cost efficiency, energy balance, and environmental trade-offs
associated with large-scale microalgal systems. Addressing
these gaps is essential for advancing microalgae-based tech-
nologies from experimental concepts to viable solutions for

sustainable urban wastewater management.

4.2. Discussions

Future research should prioritize innovation in in-
tegrated monitoring systems, data-driven early warning
mechanisms, and digital decision-support tools. Advances
in remote sensing, real-time analytics, and participato-
ry platforms offer opportunities to enhance anticipatory
capacity and adaptive management. Interdisciplinary ap-
proaches combining engineering, data science, and gover-

nance studies are particularly promising.

5. Conclusions

The pervasive presence of environmental pollutants
in wastewater represents a serious threat to ecosystems and
public health. Extensive research has demonstrated that
microalgae-based wastewater treatment offers substantial
advantages over conventional treatment technologies. Mi-
croalgae are capable of removing a wide range of contam-
inants from diverse wastewater sources without generating
secondary pollution or activated sludge. Beyond pollut-
ant removal, microalgae enable the recovery of valuable
resources and support the development of circular bio-
economy models. Biomass generated during wastewater
treatment can be repurposed for the production of biofuels,
biofertilizers, pharmaceuticals, and nutritionally valuable
products, contributing to both economic growth and ener-
gy conservation. The integration of microalgal biorefiner-
ies into urban wastewater treatment infrastructure presents
a promising pathway toward sustainable environmental
management.

However, challenges related to biomass harvesting,
contaminant recovery, and process optimization remain.
Addressing these limitations through targeted research
and technological innovation is essential for advancing
large-scale implementation. With continued development,
microalgae-based systems have the potential to transform
wastewater treatment into a resource-efficient and environ-

mentally responsible process.
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