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Abstract

In recent years, we have experienced significant increases in greenhouse gas emissions and with this, we
face grave consequences worldwide. Transitioning to renewable energy is essential but to be fully effective
at reducing GHG emissions from very hard to decarbonise industries, deployment of additional
technologies like carbon capture technology will also be required. Microalgal growing systems are another
viable carbon capture technology due to their very high capture rates and ability to grow in many different
types of conditions. Microalgal growing systems have a lot of potential to mitigate climate change and are
an effective and sustainable method of sequestering CO> on a large scale. Therefore, in order to optimize

Received on: microalgae's COz capture efficiency, key factors such as light levels, pH, temperature, availability of

02/08/2026 nutrients and strain selection must be considered. Photobioreactors with advanced configurations, including
Revised on: flat-plate designs with PIAT internals and sequential-flow bubble column reactors, will have greater CO2
18/08/2026 absorption and biomass productivity than traditional photobioreactors. The reduction of CO:2 in the
Accepted on: atmosphere globally can be facilitated by successfully resolving key issues related to reactor optimization,
29/08/2026 CO2 delivery, and strain performance of microalgae, complemented by genetic engineering and the
Published on: application of carbonic anhydrase enzymatic solutions. For this reason, continuous research and innovation
04/09/2026 are critical to realizing the benefits of microalgae for climate change mitigation and as a potential green and

renewable means of advancing to a sustainable future. This research project examines optimization methods
for algal systems for effective direct air capture (DAC) from biological, technological, and economic
perspectives.

to operate, they can also pose practical obstacles associated with
long-term storage and infrastructure development (Fasihi et al.,

1. INTRODUCTION

Anthropogenic activity has caused an accelerating rate of
atmospheric carbon dioxide (CO:z) to increase. As a result, this new
problem, and with it an associated level of urgency, has arisen as
one of the three major international environmental issues facing
humanity in our time. Since before the Industrial Revolution,
atmospheric CO2 concentrations had risen from about 280 ppm to
more than 420 ppm, primarily from fossil combustion,
industrialization, land use change and deforestation. Anthropogenic
activities have therefore caused an unprecedented rate of increase
in greenhouse gas concentrations, which have a major impact on
global warming, climate change, ocean acidification and extreme
weather events. This endangers ecosystems, biodiversity and food
safety for both humans and animals and therefore threatens all
aspects of human well-being (IPCC, 2023; Friedlingstein et al.,
2023). To prevent a global rise in temperature of more than 1.5-2
°C above pre-industrial levels, the Intergovernmental Panel on
Climate Change (IPCC) outlines a need for net-zero emissions by
approximately mid-century along with the implementation of CDR
technologies at a global scale (IPCC, 2023). The use of more
conventional carbon capture and storage (CCS) technologies,
including methods for capturing post-combustion, pre-combustion
and oxy-fuel combustion gases, has demonstrated significant
reductions of CO2 emissions associated with industrial activities;
however, the technologies can be energy-intensive and expensive

2019). As a result of these challenges, the DAC process for removing
CO:2 from ambient air at any location is receiving greater emphasis
than earlier methods (National Academies of Sciences, Engineering,
and Medicine, 2019). Despite demonstrating good carbon removal
efficiencies, the commercial use of DAC technologies based on
chemical sorbents and/or solid adsorbents is currently limited due
to: (1) the large initial capital investment required; (2) the energy-
intensive regeneration process; and (3) the environmental
sustainability concerns related to those technologies (Shan et al.,
2026; Fasihi et al., 2019). Within this context, biological carbon
capture technologies that utilise microalgae have been identified as
environmentally sustainable alternatives to existing DAC
technologies that simultaneously sequester CO: from the
atmosphere and produce a usable biomass (Dayanath et al., 2026).
Microalgae are photosynthetic unicellular organisms with high
photosynthetic efficiency and rapid growth rates that can
successfully grow across a range of environmental conditions,
making them potentially viable options for capturing carbon from
the atmosphere (Ahmad et al., 2024; Cheah et al., 2015).

Microalgae achieve up to 10-50 times the photosynthetic efficiency
of terrestrial plants and biomass productivity on a per unit area
basis (Ali et al., 2024). Microalgae have carbon concentrating
mechanisms (CCMs) that transport bicarbonate into their cell and
then concentrate CO2 around Rubisco (the enzyme responsible for
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photosyntheSIS microalgae produce carbohydrates, lipids, proteins,
and other bioactive products, which can be used to produce
biofuels, biofertilizers, pharmaceuticals, nutraceuticals and animal
feed; therefore, microalgae contribute to the establishment of a
circular bio-economy (Thevarajah et al., 2025). Recent advances in
reactor engineering, synthetic biology and process optimisation
have increased the viability of using microalgae to directly capture
CO2 from the atmosphere (Wang et al., 2026). Various cultivation
systems such as open raceway ponds, tubular photobioreactors, flat
panel reactors, air-lift reactors and membrane photobioreactors
have been examined for their ability to improve light utilisation,
gas-liquid mass transfer and CO: fixation efficiency (Hashmi et al.,
2025). Also, new methods that have been developed to help these
systems overcome the limitations imposed on them due to
difficulties posed by low levels of carbon dioxide (COz) present in
the atmospheric environment and other difficulties associated with
scaling up include hybrid DAC-microalgae systems, artificial
intelligence (Al)-assisted cultivation, genome editing, and carbonic
anhydrase engineering (Zainal et al., 2026). Unfortunately,
although some things have changed since they were initially
developed and tested, many technical and economic barriers are

-1494
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still significant technical barriers to implementation, including low
gas-liquid mass transfer rates, high harvesting costs, uncertainty of
environmental conditions, biofouling, and difficulty in scaling up
(Singh & Dhar, 2011; Cheah et al., 2015). In addition, the technical
and economic viability and sustainability of life-cycle assessments
of microalgae-based carbon capture technologies need further
analysis to develop standards for the implementation of these
technologies as part of the overall global carbon management
strategy (Fasihi et al., 2019; Breyer et al., 2020).

Consequently, the reviewed recent literature highlights the
production and design concepts related to optimized microalgal
systems for direct air CO2 capture. The recent literature cited has
highlighted recent advances made in reactor technologies, carbon
concentrating mechanisms, cultivation methods and other novel
methods being applied to develop sustainable means of producing
biomass and removing carbon dioxide from the environment. This
literature also identifies the present and future challenges
associated with scaling up microalgal DAC systems, opportunities
and indicates their potential for assisting in the achievement of
carbon neutrality and promoting a sustainable bioeconomy.

Table 1. Key Milestones in the Development of Microalgal Systems for Direct Air CO2 Capture

Year Development/Milestone

2007 Biodiesel and carbon capture potential of microalgae
emphasized

2008 CO:2 bio-mitigation using microalgae expansively
reviewed

2010 Large-scale microalgal cultivation and biofuel

production emphasized
2011 Comprehensive overview of carbon capture by
microalgae
2015  Integration of microalgae with carbon capture and
bioeconomy ideas
2019

2023

Techno-economic assessment of DAC technologies
Membrane Sparger design with Carbonic Anhydrase

integration

1.1 Global Status of Atmospheric COz and Climate Change

The levels of carbon dioxide (CO) in the atmosphere have reached
levels that have never been seen before, primarily as a result of
human activities such as fossil fuel burning, industrial activities, and
changes in land use. In 2023, the global average CO:; level in the
atmosphere was 420ppm, which is almost 50% higher than what it
was before the Industrial Revolution. This increase in atmospheric
CO; has significantly contributed to global warming, raising sea
levels, ocean acidification, and increasing extreme weather events.
Current efforts to reduce greenhouse gas emissions alone will be
insufficient to meet the goals outlined in the Paris Agreement.
Therefore, large-scale deployment of carbon dioxide removal (CDR)
technologies is required to meet these targets (IPCC, 2023;
Friedlingstein et al., 2023).

1.2 Need for Direct Air Capture Technologies

Direct air capture (DAC) is a new technology that is being developed
to eliminate CO: from the atmosphere directly, regardless of where
it came from. Typical carbon-capturing methods will usually take a
lot of carbon from an industrial source and separate the carbon from
other gases using a chemical process. In contrast, DAC captures the
carbon already in the atmosphere, which is distributed widely
across the earth as a result of both past and present emissions
(Dogoua and Moscona, 2026). Commercially developed DAC systems
primarily utilize either liquid or solid sorbent materials to absorb

Significance

Well-known microalgae as a promising carbon

Established feasibility of biological carbon capture

Extended industrial applications of microalgae

Identified major challenges and opportunities
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Reference
Chisti, 2007

sequestration platform

Wang et al., 2008

Brennan & Owende,
2010
Singh & Dhar, 2011

Promoted sustainable and circular approaches Cheah et al., 2015
Evaluated feasibility of DAC integration Fasihi et al., 2019
Enhanced efficiency and scalability Wang et al., 2025

CO,. However, the high amount of energy required to regenerate,
transport and store the carbon dioxide produced by these systems
makes them difficult to be implemented on a large scale (Keith et
al., 2018; Fasihi et al., 2019). As a result, there is a growing interest
in finding sustainable, low-energy, biologically based methods of
capturing CO,.

1.3 Why Microalgae for Direct Air CO2 Capture?

Microalgae are increasingly being considered for use in biological
Direct Air Capture (DAC) because of their ability to grow quickly,
high efficiency of photosynthesis and ability to use the CO2 in the
air as their primary carbon source. Microalgae have potentially 10-
50 times the efficiency of photosynthesis of terrestrial plants and
production of biomass per area (Seyyedattar & Zendehboudi 2026);
Brennan and Owende, 2010). Many species of microalgae also
contain efficient Carbon Concentrating Mechanisms (CCMs) which
allow them to accumulate inorganic carbon and enhance carbon
fixation at low levels of CO:z in the air (Raven et al., 2017). In
addition to being a source of carbon sequestration, microalgal
biomass can be converted into biofuels, nutraceuticals,
pharmaceuticals, pigments, and biofertilizers to increase the
financial viability of carbon removal systems (Pittman et al., 2011).

1.4 Research Gaps and Scope of the Present Emerging Trends:
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While there have been major advancements in microalgal
technologies for carbon capture, many challenges still exist. Most
previous work has concentrated on carbon capture from flue gases
rather than from the ambient air; also, the low carbon dioxide
concentrations found in ambient air result in limitations related to
gas transfer rates, reactor design and carbon use efficiency. In
addition, very few comprehensive reviews exist that integrate the
various advances in photobioreactor design and engineering, carbon
concentration mechanisms, genetic engineering, artificial
intelligence (Al)-assisted cultivation, and hybrid direct air capture
(DAC) - microalgal systems. Thus, this current emerging trend is
directed toward a critical evaluation of the design and optimisation
strategies of microalgal systems for CO; capture from ambient air
as well as a discussion of emerging technologies that will promote
sustainable and economically viable means for carbon removal
through the use of microalgae.

2. MICROALGAE AS BIOLOGICAL COz
CAPTURE SYSTEMS

Microalgae are micro-organisms that convert light energy into
chemical energy via photosynthesis. Because of their high growth
rates, efficiency in converting light to chemical energy via
photosynthesis, and ability to use atmospheric carbon dioxide (COz2)
as a source of carbon, microalgae have become promising organisms
for capturing CO2 (Thanigaivel et al., 2022). Unlike traditional
technologies for capturing CO2 using chemical or physical methods,
microalgae capture CO2 and produce biomass using solar energy at
atmospheric pressure (Esfandiari et al., 2026).

Microalgae can capture and accumulate carbon from the
atmosphere through their efficient photosynthetic machinery and
carbon-concentrating mechanisms (CCMs) as a result of their ability
to photosynthesise in atmospheric levels of CO2. They use
photosynthesis to convert CO: from atmospheric air to
carbohydrates, proteins, lipids, and other organic compounds that
can be used for making biofuels, animal feeds, pharmaceutical
products, pigments, and fertilisers (Hidalgo et al., 2026). Thus,
microalgae have the potential to capture CO2 and support the
development of a circular bioeconomy. Despite these advantages,
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several challenges hinder the commercialization of microalgal
carbon capture systems (Rahman et al., 2024). The low
concentration of atmospheric CO2 (~420 ppm) limits gas-liquid mass
transfer, while harvesting and downstream processing remain
energy-intensive and costly. Moreover, large-scale cultivation
requires optimized reactor designs, efficient light management,
and robust strains capable of maintaining high productivity under
fluctuating environmental conditions. Consequently, ongoing
research is focused on developing genetically engineered strains,
hybrid DAC-microalgae systems, and integrated biorefinery
approaches to enhance the economic and environmental feasibility
of microalgal carbon capture technologies (Khoshnevisan et al.,
2022). There are numerous advantages of microalgae for carbon
dioxide sequestration compared to terrestrial plants.

Microalgae have growth rates of 10-50 times faster than higher
plants and have higher photosynthetic efficiencies when cultivated
under controlled conditions. Microalgae can also be cultivated in
freshwater, seawater, wastewater or on non-arable land, thus
eliminating competition with food crops and relieving pressure on
agricultural resources (Chong et al., 2022). Furthermore,
microalgae can simultaneously utilise nutrients from wastewater,
thereby aiding in nutrient removal and water purification, and
improving the environmental sustainability of the cultivation
process. (Chisti, 2007; Pittman et al., 2011)

Many factors influence the efficiency of microalgal CO2 capture
systems, such as light intensity, temperature, pH, nutrient
availability, reactor configuration and mixing conditions. Closed
Photobioreactors allow for greater control of the environmental
conditions and greater carbon fixation efficiency than Open
Raceway Ponds, although Closed Photobioreactors are more capital
and operationally expensive (Alsalal et al., 2026). Recent
developments in membrane photobioreactors, synthetic biology and
cultivation strategies assisted by artificial intelligence have
improved the efficiency of carbon utilisation and biomass
productivity, making microalgae more attractive for a large-scale
application of direct air capture (DAC) systems. (Cheah et al., 2015;
Raven et al., 2017)

The major characteristics, advantages, limitations, and
representative studies highlighting the role of microalgae as
biological CO2 capture systems are summarized in Table 2

Table 2. Microalgae as a Biological CO: Capture System: Characteristics, Advantages and Limitations

S. Feature Description

No.

1 High Photosynthetic = Microalgae exhibit photosynthetic
Efficiency efficiencies higher than terrestrial

plants and rapidly convert CO2 into
biomass.

2 Fast Growth Rate Microalgae have doubling times

ranging from hours to a few days.

3 Carbon Specialized systems actively transport
Concentrating bicarbonate and concentrate CO2 near
Mechanisms (CCMs) Rubisco.

4 Diverse Habitat = Microalgae grow in freshwater, marine,
Adaptability wastewater, and extreme

environments.
1485

Significance for CO2 = Limitations Representative
Capture Reference
Enables rapid = Efficiency Chisti, 2007
atmospheric CO2  decreases under

fixation and biomass @ light limitation and

generation. nutrient stress.
Leads to high = Requires Singh & Dhar, 2011
biomass productivity = continuous nutrient
and enhanced = supply and
carbon controlled
sequestration. cultivation
conditions.
Improve carbon = Genetic and Raven et al., 2017
fixation  efficiency = physiological
even at low limitations  under
atmospheric CO2  environmental
concentrations. stress.
Facilitates Species-specific Wang et al., 2008
cultivation in diverse = environmental
climatic and | requirements.
geographical
regions.
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5 Utilization of Waste Capable of using wastewater and
Streams industrial  effluents as nutrient
sources.
6 Production of Biomass can be converted into
Valuable Bioproducts = biofuels, pigments, proteins, and
biofertilizers.
7 Environmental Cultivation  requires less land

Sustainability compared to terrestrial crops and

can

be integrated with renewable energy

systems.

By mapping keyword relationships, the Table 1 and figure 1 depicts
how core areas of microalgae research have evolved, showcasing
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Improves economic = Downstream Chisti, 2007
feasibility of carbon | processing and

capture systems. harvesting are

energy intensive.

Supports carbon- | High water demand @ Cheah et al., 2015
negative and circular = and scale-up

bioeconomy challenges remain.

approaches.

the movement of scientific interest toward emerging topics in
recent years (2022-2025).
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Figure 1. Overlay visualization of keyword co-occurrence network illustrating emerging research trends in microalgae research during
2022-2025.

Like to other photosynthetic organisms, algae use light energy to
convert water (H:0) and carbon dioxide (CO2) into organic carbon
(glucose) and oxygen (Zheng et al., 2021). Photosynthesis in
macroalgae occurs in cells with pigments, while in microalgae, it
takes place in chloroplasts. Microalgae photosynthesis involves two
main processes: light-dependent and light-independent. In order to
absorb light energy and yield the high-energy molecules ATP and
NADPH, light-dependent processes take place in the thylakoids of
chloroplasts (Alami et al., 2021). In turn, light-independent
processes require ATP and NADPH. Light-independent reactions,
occurring within the chloroplast stroma, facilitate the fixation of
carbon dioxide (CO;), which is then converted into organic
compounds such as sugars, starches, and lipids (Daneshvar et al.,
2022). Consequently, microalgae function as bio factories,
leveraging their chloroplasts to harness light energy for
photosynthesis and the conversion of carbon dioxide into organic
chemicals. (Ganesan et al., 2022).

1486

As a byproduct of converting CO; into organic carbon, algae release
oxygen. The Calvin cycle fixes COz, which results in the synthesis of
organic compounds. Calvin cycle products, mainly G3P, are building
blocks for the production of vital macromolecules that are utilized
in algal biomass, such as proteins, lipids, and carbohydrates (Shen,
2014).

In low CO; environments, algae can increase photosynthetic
efficiency by concentrating CO. around the enzyme RuBisCO.
Specialized membrane proteins are used by algae to actively move
CO; into their cells from the surrounding environment. By
concentrating CO; close to RuBisCO, this method avoids its
inefficiency when exposed to oxygen, which happens during
photorespiration (Bercel & Kranz, 2019). Like in plants, RuBisCO
fixes oxygen (O:) instead of CO, during photorespiration in algae,
which results in the loss of carbon and energy. Certain algae have
mechanisms to lessen energy loss during photorespiration, which
improves CO; fixation even further. By adjusting the CO;
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concentration, algae like Chlamydomonas reinhardtii reduce
photorespiration through high-affinity CO transportation and other
modifications (Paul et al., 2021).

Bicarbonate ions (HCO3~) are a common form of CO; in aquatic
environments. Algae of various taxa have been shown to contain the
enzyme carbonic anhydrase, which enables certain blue-green algae
to convert bicarbonate into CO;; thereby, allowing the algae to
utilise the bicarbonate as an additional source of carbon dioxide for
photosynthesis. According to Donat-P. Hader (2022) there are a
number of microalgal species that have been found to have
extraordinary efficacy in their ability to fix CO; making them good
candidates for the direct capture of atmospheric CO;. Many of these
microalgal species; including, B. braunii, C. littorale, Chlorella sp.,
A. microscopica, Scenedesmus sp., E. gracilis, D. tertiolecta, N.
oculata, C. reinhardtii, and Spirulina sp., are regularly used to
reduce the amount of CO; released into the atmosphere (Li et al.,
2022). The most frequently studied microalgal species, such as
Chlorella, Spirulina, and Scenedesmus, consistently demonstrate
their ability to grow rapidly and efficiently assimilate CO2 (Prasad
et al., 2024). Chlorella vulgaris is the most extensively studied and
widely used microalgal species due to its high CO, uptake efficiency
and versatility (Zhang et al., 2025). Because these species are highly
productive in terms of photosynthetic production and can adapt to
a variety of environmental conditions, they are effective at
sequestering CO; from the atmosphere (Kumar et al., 2023). Due to
their rapid growth rate and their ability to double their biomass
quickly, microalgae have the potential to sequester a significant
amount of CO; from the atmosphere (Pekkoh et al., 2024).
Microalgae will flourish in environmentally stressful, CO-rich
industrial conditions, as well as in all aquatic ecosystems, including
fresh and marine ecosystems (Abdullah et al., 2024).

It is vital for microalgal strains chosen for direct air capture to have
certain characteristics. This is because the amount of carbon
dioxide present in ambient air is relatively low, approximately
0.04%, and also because ambient air contains other pollutants
besides carbon dioxide (Liu et al., 2021). Tolerance to low levels of
CO; and tolerance to pollutants, such as particulates and volatile
organic compounds, are key factors in the resiliency of an algal
strain to maintain its performance for CO; capture in real world
atmospheric environments where temperature, humidity and
pollutant levels can change frequently (Skifa et al., 2025).

3. DESIGN OF MICROALGAL CO2 CAPTURE
SYSTEMS

Microalgal systems (i.e., systems that cultivate microalgae) are an
important design element for collecting carbon dioxide (COz) and
have critical impacts on the rates of carbon fixed, the rates of
biomass produced, and the cost-effectiveness of carbon removal
methods (Hidalgo et al., 2026). Because the amount of COz in the
atmosphere is small (~420 parts per million by volume [ppmv]), an
efficient reactor design is needed to maximise the gas-liquid mass
transfer of COz, the light-use efficiency, nutrient distribution, and
CO:2 assimilation. Microalgal culture systems can be categorised into
three types: open systems, closed photobioreactors (PBRs), and
hybrid systems (i.e., a combination). Each system type has unique
benefits and drawbacks associated with it and contributes
differently to the overall goal of CO: capture (Roy et al., 2026).

3.1. Open Raceway Pond Systems

The cultivation method that is oldest and most economically
favorable for microalgal biomass is via open raceway pond. Open
raceway ponds consist of shallow bodies of water that are kept in
constant motion by paddle wheels which circulate the culture
medium providing sufficient mixing of materials (Razzak et al.,
2013). Their low investment cost (capital cost), their simple design,
and their ease of operation have made them an attractive option
for commercial-scale biomass production (Chisti et al., 2007).
However, open raceway ponds have low CO; utilization efficiency
due to poor gas/liquid mass transfer; contamination by unwanted
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microorganisms; evaporation losses; and the inability to maintain a
stable and reliable set of environmental conditions. Due to these
problems, open raceway ponds have not yet been successfully
applied to direct air CO, capture (DAC) even though they have
several distinct economic advantages (Yadav et al., 2020).

3.2. Tubular Photobioreactors (tPBRs)

A tubular photobioreactor (tPBR) is an enclosed photobioreactor
system made up of transparent tubing oriented in a horizontal,
vertical or helical manner. Tubular photobioreactors provide a
greater surface area relative to volume, as well as increased light
penetration and the ability to control environmental conditions
than a pond culture (Chandola et al., 2026). The enclosed design
reduces the chance of contamination and increases the efficiency
of carbon utilization. Conversely, tPBR can also encounter
difficulties in operation such as the accumulation of oxygen, fouling
by living organisms, and high energy required for pumping fluids
that increase costs associated with operation. Nevertheless, tPBR
are currently one of the most commonly studied methods for carbon
capture using microalgae. ( Carvalho et al., 2006; Ugwu et al., 2008;
Wang et al., 2008).

3.3. Flat-Panel Photobioreactors

Flat-panel photobioreactors contain narrow transparent panels that
encourage maximum light exposure while reducing the shading
effect from one panel to another. The high photosynthetic
efficiencies and good mass transfer characteristics make flat-panel
photobioreactors well suited for capturing atmospheric CO:
(Soudagar et al., 2024). Due to their compact design, flat-panel
photobioreactors are also well-suited for use in indoor and vertical
cultivation systems. However, temperature control, difficulties in
scaling up the system, and high construction costs are all hindrances
to the commercial application of these types of reactors (Michael
et al., 2026; Singh & Dhar, 2011).

3.4. Airlift Photobioreactors

Airlift photobioreactors utilise bubble-driven circulation of the
culture medium instead of employing mechanical agitation. This
bioreactor consists of a riser and a downcomer section, which
creates natural circulation within the enclosed system by enhancing
gas-liquid mass transfer and reducing shear stresses on microalgal
cells (Shokravi et al., 2025). In addition, the unique design of an
airlift photobioreactor makes it appropriate for direct air capture
(DAC) applications as it creates greater atmospheric carbon dioxide
(CO2) dissolution rates at low energy consumption. The article
reviews the advantages of an airlift's design and mixing
characteristics as being part of the reason for their growing interest
to be implemented at a large scale (Zou et al., 2025; Chisti et al.,
2007).

3.5. Membrane Photobioreactors (MPBRs)

The use of membrane photobioreactors is a novel form of
technology that combines the use of gas-permeable membranes
with microalgal production systems (Wang et al., 2022). These
membranes allow for controlled delivery of CO; and allow for
improved efficiency of moving gas from one place to another and
they also eliminate carbon losses associated with bubbling, which
are generally associated with bubble sparging (Russell et al., 2025).
Studies have shown that the use of membrane-based CO; delivery
increases the carbon utilization efficiency at low atmospheric CO;
concentrations by a large margin. In addition, it has been proposed
that carbonic-anhydrase coated membranes can be used to enhance
the rate at which dissolved inorganic carbon species are converted
to other forms and increase carbon fixation rates (Wang et al., 2025;
Cheah et al., 2015).

3.6. Hybrid DAC-Microalgae Systems

Physicochemical direct air capture (DAC) technologies can be
combined with biological carbon fixation to create hybrid systems,
and utilizing atmospheric CO; in microalgal cultures requires the
first step of concentrating CO; from the atmosphere using (1) either
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solid-state or liquid-state sorbents, (2) membranes or (3) moisture-
swing adsorbents to provide atmospheric CO; for use within
microalgal cultures. Combining these forms of capture eliminates
mass-transfer limitations associated with capturing atmospheric
CO; and maximizes productivity of biomass within microalgal
cultures. Hybrid systems are now being seen as promising ways to
achieve carbon negative, economically viable solutions for carbon
removal from the environment (Fasihi et al., 2019; Keith et al.,
2018).
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Several variables affect which reactor design may be best suited for
a given application, including (1) CO: source, (2) cultivation scale,
(3) energy consumption, (4) biomass productivity (5) environmental
conditions; and (6) techno-economic considerations.  Future
research  efforts should focus on developing “smart",
photobioreactor(s) containing sensors, Al-based process control and
renewable energy integration for improved sustainability and
scalability of microalgal systems engaged in direct air capture (DAC)
(Breyer et al., 2020; Cheah et al., 2015).

Table 3. Comparison of Microalgal Cultivation Systems for Direct Air Capture (DAC)-Integrated Carbon Sequestration Applications

System Type Design Features Advantages Limitations Suitability Representative
for DAC Reference

Open Raceway | Shallow open ponds with Low capital cost, Contamination, Low- Chisti, 2007
Pond paddle wheel mixing simple operation, = evaporation, poor Moderate

large-scale cultivation CO:2 transfer
Tubular Transparent tubes arranged High surface area, good = Oxygen High Wang et al., 2008
Photobioreactor horizontally/vertically light utilization, = accumulation,

contamination control biofouling, high

energy demand

Flat-Panel Flat transparent panels with = High photosynthetic | High construction = High Singh & Dbhar,
Photobioreactor narrow culture depth efficiency, efficient | cost, temperature 2011

light utilization control issues
Airlift Riser and downcomer = Enhanced mass = Limited scalability = High Chisti, 2007
Photobioreactor sections with air circulation transfer, low shear @ and design

stress, energy efficient = complexity
Membrane Gas-permeable membranes = Controlled CO2 Membrane fouling and = Very High Cheah et al.,
Photobioreactor integrated with cultivation delivery, high carbon @ high capital cost 2015

chamber utilization efficiency

Hybrid DAC- Combination of DAC unitsand = Overcomes low Complex integration Very High Fasihi et al., 2019
Microalgae System microalgal reactors atmospheric CO2  and high initial cost

limitation, improves

productivity

In order to maximise light availability, yet minimise shading effects,
it is essential that photobioreactors be configured in a manner that
provides maximum exposure of the photography reactors to light.
There are two categories of photobioreactors, tubulars, and flat
panels, which have high surface areas for the purpose of exposing
the algae to high-intensity light (Yarkent et al., 2025). All algae
must also be mixed properly in order for all cells to have equal
access to CO; and nutrients (Samantaray et al., 2025). Bubble
columns and airlift reactors are commonly used in microalgal
reactors in order to maintain steady-state mixing of microalgal
suspensions, as well as to facilitate gas exchange between liquid
and gaseous phases, respectively (Yarkent et al., 2025).

In order to achieve maximum photosynthetic production, CO; must
be supplied to the microalgal culture efficiently (Yahaya et al.,
2024). The transfer of CO; from the surrounding gaseous phase to
the microalgal culture should be one of the most important aspects
of design. Two of the most common ways to enhance the mass
transfer of CO2 to microalgal cultures are through the use of gas
diffusion membranes (GDMs) and microbubble systems (Zhang et
al., 2025). Typical methods of contacting air to the microalgal
culture medium include: direct bubbling of air into the culture
medium to provide good gas-liquid contact between air and algal
cells; membrane contactors, which allow the two phases to be
separated while allowing CO: to diffuse across a gas diffusion
membrane; and biofilm systems of microalgae growing on the
surfaces of biofilms exposed to air (to promote maximum CO:
exposure to algal cells (Li et al., 2025). The efficiency of each of
these methods varies with regard to mass transfer efficiency, energy
consumption, and operational complexity. Microalgal CO; capture
systems may be synergistically combined with the biomass
production for the generation of biofuels and valuable products like
pigments, proteins, and antioxidants. This dual-purpose approach

captures COz while simultaneously providing an economic benefit
through the production of biomass, which helps to create a
sustainable system (Deepika, 2025). The design of these integrated
systems must consider CO; capture efficiency and the optimal yield
of biomass and quality of the product produced. Microalgae can
contribute to carbon storage beyond the time they grow by
converting carbon into biofuels/biomaterials or by creating biochar,
etc. Algal biofuels may offer the potential for carbon sequestering
efficiencies of as much as 1,500kg CO./hectare/year, which is
significantly greater than most land-based biofuels (Li et al., 2025).

Microalgal CO; capture systems are available in various forms,
including small modular units for localized air purification and
large, industrial-sized units that are integrated into the
infrastructure of power plants and cities.

As an example of the relationship between achievability of
emissions reductions and cost of operation, small-scale systems
provide many advantages including flexibility and quick response
times; however, they have throughput limitations (Omokaro et al.,
2025). On the other hand, industrial-sized systems provide potential
for overall carbon dioxide emissions sequestration but require
significant capital investment and operational expertise. As such,
deployment strategies must account for site-specific characteristics
including climate conditions, land availability, and regulatory
frameworks (Zainal et al.,2026).

4. OPTIMIZATION STRATEGIES FOR ENHANCED CO2
CAPTURE

Microalgal systems that are designed for the direct capture and
removal of atmospheric CO; require a multidisciplinary approach
encompassing all of the following: selecting appropriate strains of
microalgae for use in such systems; designing suitable reactors;
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identifying suitable ambient growing conditions; implementing a
nutrient management strategy; and utilizing appropriate methods
to deliver CO; to the growing microalgal culture. Genetic
engineering advances, reactor optimization strategies, and
integrated system designs must all be developed in order to improve
the efficiency and scalability of microalgal systems (Abdul Kareem
Joyia et al., 2024). By providing solutions to these challenges,
microalgal systems could significantly mitigate climate change
through the large-scale removal of CO; from the atmosphere.
Ambient operational factors (e.g., light level, temperature, pH
level, nutrient concentrations, and gas flow rates) can considerably
impact how effectively microalgal systems capture, use, and store
COz. Proper light levels are critical for ensuring adequate levels of
photosynthesis while avoiding the occurrence of photoinhibition
(Razzak et al., 2024). To support optimal growth and carbon fixation
of the microalgal culture, temperature and pH levels must remain
within ranges that are specific to the type of microalgae being
cultivated. Nutrient availability (especially nitrogen and
phosphorus) directly impacts the amount of biomass produced,
while the gas flow rate determines how efficient the CO; mass
transfer is. Consistent and precise modifications and controls
applied to these ambient operational factors can increase overall
CO, uptake for microalgal systems (Wang et al., 2026).
Photosynthesis in microalgae is dependent on an adequate level of
light; however, too much light causes photoinhibition resulting in
lower growth and CO: uptake. To achieve maximum growth and CO2
capture, studies indicate that optimal light intensity is critical. For
instance, high levels of light can induce oxidative stress while low
levels of light can impair the rate of photosynthesis (Yahaya et al.,
2024). The photoperiod or duration of light also contributes to algal
growth, as excessive or insufficient light cycles can negatively
affect this. Therefore, optimizing photoperiods for different
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microalgal strains improves CO2 capture by optimally balancing
energy absorption and metabolic processes (Wang et al., 2026).
Temperature affects the solubility of CO2 in water and the activity
of enzymes, which is why the optimal temperature range for most
species of microalgae is between 20°C and 30°C; any temperature
change outside of this range will negatively affect growth and
photosynthesis. The pH of the growth medium directly impacts the
availability of dissolved CO: for microalgae to use to
photosynthesize. Therefore, maintaining pH between 6.5 and 7.5
during the growth of microalgae allows for the solubility of CO:,
which is crucial to photosynthesis; if pH increases to above this
range, the CO:z will convert into bicarbonate (HCOs~), which will
make it difficult for microalgae to access CO: (Liu et al., 2021).
Many nutrients, including vitamins, trace metals, phosphorus and
nitrogen, are essential for microalgal growth. Nutrient availability
will determine the efficiency of CO; sequestration and production
of algal biomass (Chowdhury et al., 2026). Microalgae will change
their metabolic pathways to produce more lipids for biofuels when
nutrients are low. However, this may limit total growth and biomass
yield and subsequently limit CO2 capture by microalgae (Rawat et
al., 2013). Inherent genetic and metabolic characteristics are the
two primary factors influencing the efficiency of microalgal CO;
capture. Photosynthetic efficiency, the efficiency with which light
energy is converted to chemical energy, is critical in determining
the efficiency of microalgae for CO. capture (Mohapatra et al.,
2022). Furthermore, many microalgal species utilize carbon
concentrating mechanisms (CCMs) which improve internal CO: levels
and increase the efficiency of carbon fixation when atmospheric CO;
concentrations are low (Kolachalama et al., 2025).

Recent advances in metabolic and genetic engineering have made
it possible to engineer microalgal strains for improved CO; capture
using several methods: enhancing CCM expression, overexpressing
key enzymes from the Calvin Cycle, and enhancing the ability of
microalgal strains to resist oxidative stress resulting from high rates
of photosynthesis (Zhang et al., 2025).
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Figure 2: Multidisciplinary strategy for optimized microalgal CO; capture from the atmosphere.

The purpose of these modifications is to improve biomass
production and carbon fixation rates of bio-classifying methods
under widely varying conditions typically associated with
atmospheric carbon capture. Advanced sensor implementation
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along with real-time monitoring capabilities can provide the ability
to control and adjust crop growing conditions as required to
optimize the efficiency of CO; capture. Utilizing a feedback control
system with dissolved oxygen levels, pH and concentration of CO;
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will help stabilize and increase the amount of organic biomass
generated (Yahaya et al., 2024). By automating the operation of
these bioprodcts, there will be reduced need for human labour and
therefore far greater potential scalability for microalgal DAC
systems to be commercially realised. In addition, microalgal based
DAC systems can complement and enhance other traditional
chemical and physical forms of capturing carbon dioxide (Eldiehy et
al., 2022). For instance, in order to improve both the overall
efficiency of capturing CO2 and making the conversion processes
more versatile, hybrid DAC systems could incorporate membrane
separation, adsorbents or solvent-based capture either downstream
or alongside microalgal cultivation (Vatanpour et al., 2024). By
utilising the strengths of each of these different technologies,
integrating them together could result in a more efficient and cost-
effective way of capturing CO,.

5. CHALLENGES AND LIMITATION

Although it is usually known that microalgae can reduce CO:; in
atmosphere, the carbon sequestration process is reliant on on a
number of other conditions. Algal systems, in particular microalgae,
have been suggested as a feasible technique for Direct Air Capture
(DAC) of CO; from the atmosphere. For these technologies to be
practical for large-scale carbon capture, a number of obstacles
need to be removed (Bajpai et al., 2022). The obstacles related with
algae-based carbon capture systems include poor carbon di oxide
concentration efficiency, scaling up algal systems, harvesting and
biomass processing, water and fertilizer requirements,
technoeconomic viability and light limitation. One of the primary
challenges in direct air CO; capture using microalgae is the
extremely low concentration of CO; in ambient air (-0.04%), which
limits the rate of diffusion into the culture medium. This creates
mass transfer limitations that reduce overall carbon fixation
efficiency (Kumar et al., 2023). For the best growth, microalgae
need a steady and enough supply of CO2. The effectiveness of
carbon sequestration can be impacted by variations in CO: levels in
natural settings (Yan et al., 2024). Microalgae are being researched
as a means to capture carbon dioxide (CO;) on a large scale, but
transferring this technology from the laboratory to the field remains
a challenge (Handayani et al., 2026). Key parameters affecting the
scalability of microalgal-based CO; capture include the availability
of sunlight, water, and nutrients, as well as the presence of
appropriate land or water resources (Biswas et al., 2025). However,
the most obstructive challenge facing the large-scale use of
microalgae for CO; capture is the energy and cost associated with
efficiently separating the vast quantities of freshwater and
seawater from microalgal biomass (Elsafi et al., 2025). Through the
use of various mitigation strategies - including increasing airflow
rates, incorporation of membrane contactors, and maximising the
surface area of the gas-liquid interface - it is possible to enhance
the transfer of CO; to microalgal cultures (Torres et al. 2015). Once
harvested from the cultivation unit, microalgae must be
transformed or processed to arrive at a stable end product for long-
term carbon storage, which introduces additional technical
challenges (Daneshvar et al., 2022). Microalgae are also susceptible
to contamination from invasive species and/or other anti-microbial
organisms that compete with microalgae for nutrients or otherwise
affect the performance of the CO: capture system both in
open(agriculture-style) and semi-open (caged, coloured) cultivation
setups. Containment of single species (monoculture) becomes very
difficult; therefore, management strategies for controlling
contamination, such as sterilization, selectivity in the growth
conditions and the use of very robust strains, are of paramount
importance to the continued reliability of the microalgal CO;
capture system (Hossain et al., 2019). Microalgae CO; Capture
Systems: Energy inputs necessary for maintaining suitable
performance measures, such as those for photobioreactor
production e.g., lighting, mixing and CO; delivery, are all major
determinants of microalgal CO; Capture System Economies of Scale
(Alsalal et al., 2025). Building and operating photobioreactors also
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contribute to overall expense; these factors lead to many
challenges toward large-scale commercialization of the technology.
(Thevarajah et al., 2025). The results from economic analyses show
an explicit need for significant cost reduction through new
technologies and the integration of microalgal biomass production
into the economy (i.e., biomass valorization) to ensure successful
commercialization of the technology. Sustainability assessments,
which include lifecycle assessment (LCA), are required to accurately
estimate the net environmental benefits of microalgae CO; Capture
Systems. Factors including energy inputs, water use, nutrient supply
and waste management also affect the carbon footprint of a
photobioreactor production system. Current studies indicate that if
photobioreactor production systems are powered by nonrenewable
energy sources, the lifecycle GHG emissions of the system may
offset any GHG removal from the atmosphere. Therefore, system
design must be based upon a holistic approach (Irfeey et al., 2025).

6. CASE STUDIES AND RECENT ADVANCES

Recently, several pilot projects for carbon dioxide capture using
microalgae have been completed. The results of these pilots will
demonstrate whether carbon dioxide can be captured in larger
quantities, as well as the problems associated with scaling up to a
commercial operation (Ramanna et al., 2025). These pilots tend to
be focused on optimizing the operational parameters within a real-
world environment, as well as integrating pathways for valorising
the biomass produced by microalgae reviewed approximately 10
pilot deployments of microalgal CO; capture systems located in
urban and industrial settings and provided useful information on the
performance of these systems, including the performance of various
designs; maintenance issues that arise; and cost implications
(Chandola et al., 2026).

Additionally, innovations in materials science and reactor
engineering have improved the efficiency of microalgal CO:
capture. Novel light-diffusing polymers and transparent coatings
have been developed to increase the light penetration and
distribution within the photobioreactors (McLaughlin et al., 2023).
As such, these innovations have had a direct and positive effect on
the amount of photosynthesis that is occurring within the
photobioreactors. Further, advancements in the geometry and
modularity of photobioreactor designs will also improve the ability
to exchange gases between the microalgae and the atmosphere,
increasing both the efficiency of CO; capture as well as the ability
of these systems to be scaled up in size (Khor et al., 2023).
Integrating Artificial Intelligence (Al) and Machine Learning (ML)
into microalgae cultivation systems presents many opportunities to
optimize the CO; capture process (Razzak et al., 2023). For
example, predictive modelling and optimization algorithms applied
to large data sets from the sensor networks allow for the dynamic
adjustment of parameters that will maximize the system's
operational efficiency throughout its lifetime (Dadsena et al.,
2026). In this manner, improved control of the processing
parameters will lead to reduced energy consumption; thus,
accelerating the rate of adaptation of the system to changing
environmental conditions ( Gill et al., 2025).

7. FUTURE PROSPECTS AND RESEARCH DIRECTION

Innovations in the field of synthetic biology provide new
opportunities to design, develop and commercialise microalgae that
offer enhanced capabilities to fix carbon and tolerate stress.
Nanomaterials can further enhance the delivery of CO; and the
harvesting of light through modification of the surfaces of reactors
and properties of the culture medium (Okeke et al., 2022).
Combined biological (microalgae) and synthetic (bio-hybrid)
systems are also an exciting means of developing highly efficient
and durable platforms for CO; capture (Irfan et al., 2025). Even
given the substantial advances made within laboratories in the
development of microalgal CO; capture systems, there are many
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barriers to scaling these to commercial applications due to the
relative high costs, complexities of the processes and operational
stability (Komkhum et al., 2026). To bridge the gap from lab to
market, interdisciplinary  research  collaboration, pilot
demonstrations, cost-effective materials development and the
development of automation technologies are critical (Yeassin et al.,
2025). In order to fully realise microalgae-based Direct Air Capture
(DAC) systems, it is critical that we address the challenges facing
their successful deployment. Additional policy measures such as
supportive regulations, government incentives and carbon pricing
structures will also play a vital role in ensuring microalgae
technology is rapidly adopted for CO. capture. Other policies
supporting renewable energy development, green technology
investments and microalgae capture in carbon markets will create
an environment conducive to commercialisation of these
technologies (Hanson et al., 2025).

8. CONCLUSION

The purpose of this study is to evaluate the advancements made in
creating and refining microalgae-based systems for capturing CO;
from ambient air, which is the key to an extensive report (Vaziri et
al., 2024). Important findings include the relevance of identifying
suitable microalgae species to use that are intended to exhibit
quality traits and phenotypes in combination with the
improvements in PBR [photobioreactor] designs to the importance
of appropriately identifying and optimizing all variable operational
parameters for maximizing carbon fixation (Cheng et al., 2024).
While low ambient CO: levels and high costs of production continue
to present barriers, the combination and synergistic qualities of
utilizing animal genetic engineering to increase efficiency and
reproducibility, investing in mechanizing the entire process, and
marrying the microalgae to external resources through hybrid
systems are likely to reveal new methods of improving CO; capture.
As microalgal CO; sequestration progresses, advancements will
likely continue to be made through a combination of innovative and
multidisciplined approaches (e.g., biotechnology, different
materials of science, artificial intelligence via machine learning,
and regulatory support), demonstrating new scalable methods of
being able to effectively implement CO2 capture from the ambient
environment (Yang et al., 2025). To realise these systems,
containing biological carbon capture, to their fullest potential for
assisting climate change mitigation, ongoing research and
development will be important considering the existence of
regulatory mechanisms that are willing to support continued
development.
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