?.% BioTech

Review

Recent Developments on the Performance of Algal Bioreactors
for CO; Removal: Focusing on the Light Intensity
and Photoperiods

Zarook Shareefdeen 1'*10, Ali Elkamel 23

check for
updates

Citation: Shareefdeen, Z.; Elkamel,
A_; Babar, Z.B. Recent Developments
on the Performance of Algal
Bioreactors for CO, Removal:
Focusing on the Light Intensity and
Photoperiods. BioTech 2023, 12, 10.
https://doi.org/10.3390/
biotech12010010

Academic Editor: Massimo Negrini

Received: 5 November 2022
Revised: 20 December 2022
Accepted: 30 December 2022
Published: 11 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Zaeem Bin Babar 4

Department of Chemical and Biological Engineering, American University of Sharjah,

Sharjah P.O. Box 26666, United Arab Emirates

Department of Chemical Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada

3 Department of Chemical Engineering, Khalifa University, Abu Dhabi P.O. Box 127788, United Arab Emirates
Institute of Environmental Sciences and Engineering (IESE), School of Civil and Environmental
Engineering (SCEE), National University of Sciences and Technology (NUST), Islamabad 44000, Pakistan
Correspondence: zshareefdeen@aus.edu

Abstract: This work presents recent developments of algal bioreactors used for CO, removal and
the factors affecting the reactor performance. The main focus of the study is on light intensity and
photoperiods. The role of algae in CO, removal, types of algal species used in bioreactors and
conventional types of bioreactors including tubular bioreactor, vertical airlift reactor, bubble column
reactor, flat panel or plate reactor, stirred tank reactor and specific type bioreactors such as hollow
fibre membrane and disk photobioreactors etc. are discussed in details with respect to utilization of
light. The effects of light intensity, light incident, photoinhibition, light provision arrangements and
photoperiod on the performance of algal bioreactors for CO, removal are also discussed. Efficient
operation of algal photobioreactors cannot be achieved without the improvement in the utilization
of incident light intensity and photoperiods. The readers may find this article has a much broader
significance as algae is not only limited to removal or sequestration of CO, but also it is used in a
number of commercial applications including in energy (biofuel), nutritional and food sectors.

Keywords: carbon dioxide; algae; greenhouse gas; light intensity; photoperiods; photobioreactors
Key Contribution: The main contribution of this work is related to utilization of light intensity

and photoperiods in algal photobioreactors. Efficient operation of algal photobioreactors cannot be
achieved without the improvement in the utilization of incident light intensity and photoperiods.

1. Introduction

Rising carbon dioxide CO, emissions and their impact on global warming has raised
awareness on carbon mitigation technologies. In the recent years, the concept of carbon
sequestration or isolating carbon from the atmosphere has gained a great interest. Carbon
sequestration can be achieved via direct and indirect means. Direct sequestration entails
human-controlled intervention whereas indirect sequestration mostly relies on natural
processes. Direct sequestration can be achieved through geological storage and chemical
approach. In geological storage methods, CO; is injected deep into geological or oceanic
reservoirs. It has been employed in Enhanced Oil Recovery (EOR) process in which gases
including CO; are injected into wells to increase oil production. However, direct seques-
tration has the potential of re-emergence of CO, into the atmosphere which contribute
to climate change. Indirect sequestration relies mostly on the ability of natural forest to
capture CO, emission from the atmosphere. It includes afforestation (conversion of bare
land into forest) and reforestation (replanting of forest land that has previously been lost).
Forest-based sequestration is one of the cheapest conventional methods for CO, removal.
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CO, absorbed by plants are converted into biomass. As the forest matures, the rate of
intake of carbon tends to reach a steady state. When old trees die, they decompose, and
the CO; released in the process is offset by the growth of new trees. Thus, harvesting a
small portion of forest product without impacting the ability of forest to sequester carbon is
possible and could further reduce the cost of plantation. However, the limited availability
of land makes this approach less significant. Chemical approach to mitigate excessive
CO; release into the atmosphere provides a more permanent solution. CO; from flue gas
is captured by absorption using a chemical agent and then separated from the absorb-
ing agent for further processing. However, the economic viability of chemical approach
is limited.

Another biological option for CO, removal other than aforementioned techniques,
is utilizing microalgae. Microalgae are a diverse group consisting of approximately
50,000 characterized photosynthetic organisms that are naturally found in a wide variety of
ecosystems ranging from aquatic to land environments. They lack plant tissues, and can
reproduce sexually and asexually (i.e., vegetatively). They offer a much better option for
CO; remediation as compared to trees and plants owing to their superior photoautotrophic
efficiency [1]. Microalgae can be cultivated in photobioreactors (PBR) where they can be
used for CO, fixation under a variety of conditions. In photobioreactors, photosynthesis
takes place in which microalgae convert incident light and CO, into biomass. The mi-
croalgae can be grown in photobioreactors in either of the three conditions; heterotrophic,
autotrophic or combination of both. In heterotrophic conditions, micro-organisms de-
pend on organic carbons as an energy source which allows some of the organisms to
grow in complete darkness. In autotrophic conditions, microorganisms use light as an
energy source.

The objective of this work to review recent developments of algal bioreactors for CO,
removal with the focus on the effects of light intensity, light incident, photoinhibition, light
provision arrangements and photoperiod on the performance of the bioreactors.

2. The Role of Algae in CO, Removal

As compared to indirect CO, sequestration, algae-based bioreactor systems require
human-controlled intervention. Unlike forest-based sequestration that is often hindered
by the availability of land, algae-based approach utilizes land more efficiently and has
the potential to provide a superior and sustainable solution considering environment and
economics [2]. Since algae could be grown on unproductive land, it has little competition
with agricultural land for growing crops. Compared to other terrestrial plants, microalgae
provide an excellent solution to ever increasing carbon emission. Their high growth rate,
high biomass yield, and efficient utilization of solar energy enhance CO, consumption
rates. Vunjak-Novakovic et al. [3], report that the measured removal efficiency of CO; is
about 82.3 £ 12.5% on sunny days and 50.1 & 6.5% on cloudy days. Other than ecological
benefits, microalgae have a commercial potential as a carbon-neutral fuel source. Several
microalgae species are reported to contain high level of lipid that can be used as a source of
biofuel to reduce fossil fuel consumption with simultaneous mitigation of CO, emission.
Unlike energy crops such as Jatropha and oil palm that require a lot of land, microalgae
could be grown in bioreactors or open pond with minimal land with significantly high
yield of biofuel [4].

Cultivation of algae could be done either in open ponds or in closed bioreactors. Open
ponds are generally cheaper to construct than enclosed bioreactors. The ponds are usually
shallow to allow sufficient penetration of light. Open pond is the simplest algae cultivation
method, however, the high surface area of open ponds also means that if CO, is bubbled
through open ponds, it will diffuse into the atmosphere quickly. This makes open ponds are
less suitable for CO, treatment. In addition, there is a higher risk of contamination by other
organisms in open ponds that they must be kept highly alkaline. This limits utilization of
open ponds to only few algae species that can tolerate high pH levels. Enclosed bioreactors,
in comparison, are designed to overcome the limitations of open ponds. Typically, they
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have higher surface to volume ratio that enhances growth rate and shorten harvest time.
More species of algae could also be grown in enclosed bioreactors [5].

Microalgae species are used in bioreactors because they grow faster and have been
more thoroughly studied than macro-algae. Among three distinct classes of microalgae (i.e.,
autotrophic, heterotrophic, and mixotrophic), mixotrophic microalgae yield higher biomass
but with lower light intensity requirement; thus making it more energy efficient than purely
autotrophic and/or heterotrophic microorganisms. In terms of cellular scale, algae can be
divided into macro and microalgae [6]. Macro-algae species are multicellular and are mostly
aquatic such as seaweeds. Based on pigmentation, microalgae can be brown, red, and green,
and are commonly known as Phaeophyta, Rhodophyta, and Chlorophyta, respectively. On the
other hand, microalgae are unicellular, which can either be eukaryotic or prokaryotic. While
most ‘true’ microalgae are eukaryotic which means they have a nucleus inside a cell wall.
Prokaryotic organisms such as cyanobacteria (Blue-green algae) are considered as microalgae
due to their photosynthetic abilities. They can also be classified on basis of pigmentation
such as green algae, red algae, brown algae, and blue green algae. Botryococcus brauni is a
green microalga that can tolerate high level of CO, concentrations. The effects of varying
amount of CO, concentrations were studied and it was found that productivity of this algal
strain reached the highest at CO, concentration of approximately 20% with a maximum
biomass concentration of 2.31 g/L after 25 days [7]. With high CO, tolerance and high lipid
content of 30-40%, these algae species could be used in many industries and the biomass
generated could be used as a feedstock for biofuel production.

Chlorella vulgaris is one of the most common algae used in bioreactor. They can grow
in mixotrophic, autotrophic or heterotrophic conditions. When grown under mixotrophic
conditions, Chlorella vulgaris displays the properties of both autotrophic and heterotrophic
regimes. They consume organic carbon to augment their growth rate and biomass produc-
tivity in a manner similar to heterotrophic cultivation. Additionally, they recycle inorganic
carbon in the presence of light to produce O, [8]. Extensive studies among several algal
species in the presence of 9% COj, 2.66 kg/day of SO, and 36.25 mg/nm? revealed that
Chlorella vulgaris had rapid growth rate with excellent oil content and energy recovery of
11.45% and 29.53%, respectively [9]. Chlorella vulgaris had been used in commercial-scale
photo-bioreactor facility in Klotze, Germany, which was claimed as the world’s largest
closed reactor system in 2003. Chlorella vulgaris sp. has high sequestration efficiency and
has been commercially cultivated for health supplement as it contains valuable substance
such as polyunsaturated fatty acids, antioxidants, and minerals [10].

Madhubalaji et al. [11] report cultivation of Chlorella vulgaris in an airlift photobiore-
actor. The influence of various factors such as light intensity, photoperiod, and CO,
concentrations was studied on the cultivation of microalgae. A specific focus was made
on different fatty acids and vitamin B12. Fatty acid production was enhanced by 2 to
3 times in the presence of augmented light intensity and photoperiod. The Chlorella vulgaris
production was increased to 171 mg L1 day~! at high levels of CO, equivalent to 15% v/%.
On the other hand, the vitamin B12 production was decreased by 30%.

In another study [12], a membrane-based photobioreactor was developed using optical
fibers. A film of Scenedesmus obliquus (i.e. green algae species) was linked to the membrane.
This facilitated gas permeation and direct assimilation of CO, gas molecules which were
diffused through the membrane. The light energy for production of Scenedesmus obliquus
under autotropic conditions was supplied by an external LED light source. The production
of Scenedesmus obliqguus was examined under various conditions such as quantity of optic
fibers and CO; and nitrate levels. Under the operating conditions of nitrate level (1.18 mM),
CO; level (10% v/v), and number of optic fibers (13), the maximum density of Scenedesmus
obliquus density was 37.32 g m 2.

In a recent study, Chaiklahan et al. [13], investigated the influence of varying light
intensity in the range between 635 and 2300 pmol-m~2s~! (i.e., here light intensity is
expressed in terms of umol of photons) on the production of Arthrospira (Spirulina) platensis
(i.e., multicellular blue-green algae) in a photobioreactor. The semi-continuous operation of
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the photobioreactor was used to maintain the optical densities (i.e., absorbance) of 0.4, 0.6,
and 0.8. At the light intensity of 2300 pmol-m~2s~! and optical density of 0.6, the maximum
production of Arthrospira (Spirulina) platensis was obtained around 0.62 g L=1d 1.

Alhaboubi et al. [14] studied comparative performance between a novel three-phase
Belt Conveyor Reactor (BCR) and a conventional Airlift Bubble Column Reactor (ALR). In
both reactors, Chlorella vulgaris was cultivated. Ambient air with CO; level of 0.038% under
various aeration rates between 0.145-0.29 vvm (vvm = gas volume per minute/liquid
volume in the reactor) was utilized. At the initial concentration of 0.2 g-L~1 Chlorella
ovulgaris and aeration rate of 0.29 vvm, the highest biomass production of 2.120 g-L ! (in
BCR) and 1.420 g-L~! (in ALR) was found. Additionally, the corresponding CO, abatement
efficiencies were 40% and 25%, respectively. In the case of BCR, owing to high gas holdup
which increased the mixing quality, the biomass production was nearly 50% more than in
the case of ALR.

In a recent research work performed by Do et al. [15], a novel flat-panel photobioreactor
(FPP) was utilized to augment the biomass and lutein yields and CO, removal efficiency
by employing Chlorella sorokiniana THO1 (freshwater green microalga). Lutein is a type
of organic pigment, carotenoid which is related to beta-carotene and vitamin A. At the
optimum CO; levels, light intensity, and aeration rate of 5%, 150 pumol-m—2-s !, and
1L-min~}, respectively, the maximum biomass and lutein productions and CO; removal
efficacy were 284-469 mg-L~1-d~1, 2.57-4.57 mg-L~!-d !, and 63-100%, respectively.

In Alarde [16], a 2-compartment with a 6L vertical-column photobioreactor was used
for the removal of CO, from air by microalgae. The production of microalgae was monitored
using temperature, pH, and CO, sensors. Two 7-day trials runs were performed with an
initial algae mass of 15 g. It was found that in trial 1 and 2, the biomass yield was 21.5 g
and 19.7 g, respectively. In the case of trial 1, the corresponding CO, sequestration rate was
increased from 10.17% to 22.04%. Furthermore, it was observed that the CO, sequestration
rate and microalgae production rate were directly proportional to each other.

In a recent study, Senatore et al. [17] utilized Chlorella vulgaris for CO, sequestration in
a photobioreactor. The influence of photosynthetic photon flux densities (PPFD) (60 and
120 pmol-m—2-s71), liquid/gas ratio (L/G = 5, 10 or 15), and CO, concentration (5,
10 and 15%) on CO, capture and biomass growth was examined. It was found that
PPFD substantially increased the biomass growth. The highest biomass concentration of
1.01 g-L~! was noticed at PPFD and L/G of 120 umol-m~2:s~! and 15, respectively with
CO; abatement efficacy of 80%. Furthermore, the photobioreactor comprised of a novel self-
forming dynamic membrane (SFDM) yielded a biomass harvesting rate of 41 g-m_2 h L

A novel mathematical model was developed by Feng et al. [18] and this model simu-
lates the algal production for an indoor membrane bioreactor (A-MBR) which was based
on Chlorella sp. cultivation. The model incorporates the influence of light intensity on the
growth. In addition, Solids Retention Time (SRT) was also considered in the model. The
model was applied to estimate the maximum production rates in A-MBR. In the case of
indoor and outdoor A-MBRs, the maximum production rates were found to be 6.7 g-m 2
d~!and 28 g-m~2.d~!, respectively. The corresponding light intensities and SRTs: 5732 lux
and ~8 d (indoor) and 28,660 lux and ~4 d (outdoor), respectively. The unit ‘lux’ represents
the amount of light (lumens) per square meter.

In Ratomski et al. [19], 100 L photobioreactors were utilized to explore the potential of
sodium bicarbonate as a cheap CO; alternate for the production of Chlorella vulgaris and
lipid using gravimetric and spectrophotometric techniques and a well-known Bligh and
Dyer method, respectively. A substantial improvement in biomass production was noticed
in the presence of bicarbonate in comparison with the samples in the absence of bicarbonate.
The maximum concentration of Chlorella vulgaris was 572 4= 4 mg L~! at a production of
7.0 £ 1.0 mg L~! d~! and the corresponding bicarbonate concentration, lipid content, and
CO, removal rate were 2.0 g L~1, 26 + 4%, and 0.925 + 0.073 g L' d~!, respectively.

Beigbeder et al. [20] cultivated 25 various strains of microalgae in a 3.5 L bubble
column reactor. Prior to cultivation, these strains were shortlisted in accordance with their
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capability to grow in a specific range of CO; levels. The influence of important parameters
including light-dark cycles and CO, levels (0.04-10%) on the production of strains’ growth
and CO, removal was analyzed. The cultivation of Parachlorella kessleri microalgae in the
presence of 2.5% (v/v) of pig manure combined with 5% CO; and light/dark cycle of
20 h/4 h generated the highest specific growth rate of 0.58 d !, biomass productivity of
104 mg L=! d~! and CO; fixation rate of 211 mg CO, L=! d~!. The corresponding CO,
removal rate was found to be 211 mg CO, L1 d 1.

In a study performed by Cui et al. [21], a 15 L hanging bag (reactor) was used. This
is said to be the very first study to analyze the suitability of hanging bag system in the
technological domain of photobioreactors. The study employed new design of spargers to
characterize the bubbling property. Additionally, other important parameters such gas hold-
up and mixing time and CO, mass transfer coefficient were also explored. A remarkable
improvement (up-to two times) in the production of Chlorella Sorokiniana was noticed at a
gas flow rate of 5 L min~! by employing new sparger design. Furthermore, Chlamydomonas
reinhardtii production in this reactor unit was also increased by 11%. The modifications
strongly suggest that the proposed simplistic hanging bag system significantly increased
micro-algal productivity in a cost effective manner.

Like other Chorella strains, Dunaleilla tertiolecta also has a high growth rate and can be
harvested. As growth rate is proportional to CO, consumed, the faster the algal growth,
the more efficient the removal of CO; from the flue gas. Carbon removal efficiency of about
80% during sunny day and 50% during cloudy days was achieved in a pilot study using
Dunaleilla strain with 30% of culture harvested daily [3]. Porphyridium sp. is a red microalga
that grows in seawater.

Microalgae with an interesting anatomy, Oscillatoria sp. cells are known for their con-
tinuously ‘oscillating” filaments. In a study [22], Oscillatoria sp. was used for CO, fixation,
in an environment of even 100% CO, with a photoperiod of 12:12. A very reasonable CO,
fixation of >64% was reported.

A multi-algae consortium was also used for CO, sequestration. In a study [23],
Ankistrodesmus sp. was cultivated in a mix culture along with Chlorella sp. and Scenedesmus
sp. with an incident light intensity of 4000 lux with 16:8 hr photoperiod. CO, removal
efficiency of up to 59.8% and CO, removal rate of up-to 979.62 mg L~1d~! were reported.

In addition to aid in CO, removal, microalgae offer other value added products. As
previously highlighted, they can be converted to commercially viable products such as
biofuels, chemicals, and cosmetics. Several microalga species can be used for synthesis of
proteins and Provitamin-A which are frequently used in pharmaceuticals. A few microalgae
are also capable of nitrogen fixation, which allow their use in paddy growth. In a study [24],
it was found that 0.4 gm of new biomass was produced for each 1 gm of CO; fixation
when Euglena gracilis was used for CO, sequestration in a photobioreactor. The harvested
biomass was recommended for animal feed, owing to its energy content of 4700 kcal/kg
and high protein content of 47%. According to the Center for Climate and Energy Solutions,
algae products including food, fuel and chemical sectors could have a combined annual
market value of $320 billion in 2030 [25].

Various algae species are also capable of CO, sequestration in thermophilic environ-
ments. Chlorella sorokiniana demonstrated photosynthetic efficiency and CO, fixation at
temperatures above 45 °C. Chlorella sorokiniana also produced polymers that can serve as
additive in food and cosmetics. Chlorella sp. strains were also reported to remove up to
40% COy in thermophilic temperature ranges [26]. Huesh et al. [27] isolated microalga
from a natural alkaline hot spring at a temperature in excess of 60 °C, which demonstrated
the ability of reasonable CO; fixation even at such high temperatures. Spirulina sp. is a
cyanobacterium, commonly known for the use of its biomass in human diet and animal
feed. A CO, reduction rate of up-to 105 mgL~'d ~'and more than 15% of CO, removal
efficiency were reported by use of Spirulina sp. in a 2 L vertical tubular photobioreactor,
with illumination conditions of 41.6 umolm~2s~! incident intensity and 12:12 h cycle pho-
toperiod [28]. Superior performance of this algae strain was recorded in the presence of
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a chemical adsorbent; thus algae can be used in combination or as part of a process train
with other physical and/or chemical CO; sequestration processes. Table 1 lists a summary
of various algal species and their respective growth rates, yields, and CO, removal rates at
specific CO, concentrations.

Table 1. Summary of various Algal species and their respective growth rates, yields, and CO, removal

rates at specific CO, concentrations.

. Growth Rate Blomass. €O, . CO, Removal Rate CO, Removal
Algal Species (mg L-1 day-1) Concentration Concentration (©CO, L1 day-1) Efficiency (%) References
8 y (gL vlv (%) 8-> y y (o
Botryococcus brauna 765 231 g:yZSth 20 Geetal. [7]
Chlorella vulgaris 242 9 Ghayal [9]
Chlorella vulgaris 171 113 +0.03 15 032 +0.01 Madhubalaji
etal. [11]
. 436 ¢g
Scenedesmus obliquus m-2day~! 10 40 Sun et al. [12]
Arthospira 620 Chaiklahan
(Spiralina) plantesis etal. [13]
. 2.12 (BCR) @ 40 Alhaboubi et al.
Chlorella vulgaris 142 (ALR) ® 25 [14]
Chlorella sorokiniana THO1 284-469 5 63-100 Do etal. [15]
0.56 g in—2
day~1e 21.5gin7 days © Alrade et al.
Chlorophyta 051 gin2 197 g in 7 days 4 22.04 [16]
day~1d
Chlorella vulgaris 1.01 15 80 Senat[c{r;] etal
6.7¢g
m—2day1e
Chlorella sp. 28.0yg Feng et al. [18]
mfzday’l’f
Chlorella vulgaris 741 0572 + 0.04 0.927 + 0.073 Rator’[“ls(;l etal.
Parachlorella kessleri 104 5 0.211 Beigbf;ioeir etal
o 0292+1¢8 .
Chlorella sorokinaina 313 4+ 5h Cui et al. [21]
Chlaymydomonas 369 £108 .
reinhardtii 329 + 120 Cuietal [21]
Mixture of Chlorella sp., . .
Scenedesmus sp., and 0.979 59.8 Rma[r;t;]et -
Ankistrodesmus sp. .
. i Da Rosa et al.
Spirulina sp. 1102 £ 42 1.30 £ 0.07 0.197 £ 0.061 29.8 £ 0.9

[28]

2 BCR is Belt Conveyer Reactor; b ALR is Air Lift Reactor; € Trial 1; ¢ Trial 2; ¢ Indoor membrane bioreactor.

f Outdoor membrane bioreactor; 8 Original sparger design; h Modified sparger design; 1ith 0.41 mmol L~ Mono
ethanol amine (MEA).

3. Types of Algae Bioreactors

Bioreactors are enclosed vessels designed for cultivating biomass in a controlled
manner. Cultivating algae in a bioreactor could optimize growth which leads to more
efficient CO; removal from the flue gas. There are three main categories of bioreactors
used for CO, sequestration: tubular, column, and flat plate. Based on its positioning and
mass transfer methods used, they can be further categorized into several types. Column
bioreactor can have mixing effect through airlift, bubbling, or mechanical stirring. Figure 1
provides schematic diagrams of main bioreactors discussed below.
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3.1. Tubular Bioreactor

Tubular bioreactor is the most commonly used bioreactors. They comprise of long,
cylindrical tubes that can be arrayed vertically, horizontally and as a helix. Scaling up
tubular bioreactor can be done by increasing tube length or diameter of the tubes. However,
there is a limit on how much length and diameter can be increased. Longer tubes have
higher potential for oxygen accumulation within the reactor. High concentrations of
oxygen can inhibit the growth of photosynthetic microorganisms [29]. Larger diameter
tube is a better solution if sufficient illumination is available [30]. In addition to oxygen
accumulation, fouling and high energy consumptions are the two main concerns with
tubular reactors. Fouling of algal cells on the wall of tubular bioreactors reduces light
permeability and hinders biomass productivity. To reduce fouling, flow rate of liquid can
be increased, but this requires large amount of energy.

The advantages of vertical tubular bioreactor include high volumetric and biomass
density and less land area requirements. However, scalability of this type reactor is difficult
and fouling on tube is also a problem. Horizontal tubular bioreactor is ideal for outdoor
applications and the inclination can be easily adjusted to capture sunlight; thus, it has good
photosynthetic efficiency, however, the energy consumption for this reactor is higher as
compared to vertical tube bioreactor. Furthermore, large area requirement and oxygen
accumulations are some of the few drawbacks. The advantages of helical tube bioreactor
include high photosynthetic efficiency and efficient mass transfer of CO, from gas phase
to liquid phase. However, the energy consumption and fouling are high for this type of
reactor and scalability is limited.

3.2. Vertical Airlift Reactor

Vertical airlift reactor is a modified bubble column reactor. It consists of vessels that
contain a riser, a gas separator, and a down-comer in each vessel. The gas separator and
the down-comer are interconnected. The gas is injected from the riser creates a turbulent
flow of fluid. The fluid goes up to the separator region where the gas disengages from
the fluid. After separation, liquid returns to the bottom of the vessel through the down-
comer. Light could be provided internally in the riser section or externally. This provides
good light/dark cycles that are essential for photosynthesis and algal growth. Vertical
airlift bioreactor has many advantages including good exposure of cells to light, high gas
exchange, and ease of scalability. However, compared to tubular reactor, vertical airlift
reactor has lower biomass density.

3.3. Bubble Column Reactor

Bubble column reactor is simpler than vertical airlift reactor. It usually consists of
vertical vessels that contain a sparger at the bottom of each vessel. The sparger deliv-
ers mixing and CO, mass transfer without creating mechanical stress to algal cells. In a
scaled-up version, bubble column is very tall and perforated plates are used to break up
and redistribute coalesced bubble [5]. In bubble column reactor, light is usually provided
externally. Bubble column and airlift bioreactors have similar productivity, but at higher
gas velocities bubble column outperforms airlift reactor. Bubble column reactor can be
scaled up easily and it has low capital and power consumption cost. However, the sur-
face to volume ratio and biomass density are lower for this type reactor as compared to
tubular reactors.

3.4. Flat Panel or Plate Reactor

Flat panel or also known as flat plate reactors have cuboidal shape and can be arranged
vertically or horizontally. They have gained interest because of their high surface to
volume ratio which provides excellent illumination for photosynthesis. Horizontal flat
plate receives more light but takes up space. Vertical flat plate is more effective with respect
to land usage but requires more rigid and expensive materials to build [31]. The width of
flat plate reactor is usually thin (1.5-3 cm) so as to provide short light path and improves
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productivity. Flat panel reactor has many advantages including high photosynthetic
efficiency, low oxygen accumulation and low power consumption. The drawbacks of this
reactor include short light path which limits culture volume and high aeration rate which
creates shear stress on algal cells.

Exhaust

Harvest *

(a)

Fresh medium

Cooling water

Pump

(b) Fresh (c) ::;?um Exhaust

medium Exhaust {; ﬁ
5 nl i

-, I IConcentric
I tube
Gas
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| Gas |~
~ |sparger o
.~

@ -

Fresh
medium

|
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Figure 1. Schematic diagrams of main bioreactors (a) Tubular (Growing Algae, [32]), (b) Vertical
Air-lift (Ptaczek et al. [33]), (c) Bubble column (Ptaczek et al. [33], (d) Flat panel (Ptaczek et al. [33]),
and (e) Stirred tank reactor (Ptaczek et al. [33]).

3.5. Stirred Tank Reactor

Stirred tank reactor is a conventional reactor where agitation is provided mechanically
by impeller. Flue gas containing large amount of CO; is supplied from the bottom of
the reactor as a carbon source [34]. An example of such reactor is Fermenter type algal
photobioreactor. These are mechanically stirred vessels in which algal strains are cultivated
with artificial or natural lighting. Such systems are usually capable of offering only low
biomass productivity and CO; fixation [33]. Stirred tank reactor can be operated in batch,
semi-batch or continuous mode. In batch stirred-tank reactor, reactants are fed, and
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products remained in the tank until for a certain time period. In continuous stirred-tank
reactor, there are inflow and outflow of reactants and products simultaneously. Stirred tank
reactors have uniform mixing and good temperature control, however vigorous stirring
could damage sensitive cells. Furthermore, surface area to volume ratio is lower for stirred
tank reactor.

Bioreactor applications for CO, removal should consider productivity, power con-
sumption, and scalability. Productivity is affected mainly by light, mixing of carbon source
and removal of oxygen accumulation. High productivity ensures more effective CO; re-
moval. It is important that losses (i.e., “off-gas” loss of CO,) must be accounted for in
removal efficiency calculations when experimental data are compared. Power consumption
determines if the chosen bioreactor could be a net CO; absorber. Scalability allows the
reactor to have a more industry-wide impact than just a laboratory scale. Considering the
above factors, vertical airlift, bubble column and flat panel bioreactors have the potential to
be used in large-scale applications for CO, removal.

3.6. Other Types of Bioreactors

The literature also reports other designs for algal bioreactors that do not exactly fall
within the spectrum of the algal bioreactor classification as mentioned above. As in the case
of various environmental remediation and purification applications, membrane technology
also found its use in algal photobioreactors. Kumar and co-workers [35] utilized a hollow
fibre membrane photobioreactor for removal of CO; from a gas mixture and reported a
CO, removal efficiency of 85% with a fixation rate of 60 g/m>h. Fixation refers to the
process by which inorganic carbon (i.e., CO,) is converted to organic compounds by plants
and autotrophic organisms. Fan et. al. [36] report that membrane algal reactor showed a
CO;, fixation rate up to 0.95-5.4 times greater than airlift and bubble type photobioreactors
utilizing Chlorella vulgaris strain. The membrane photobioreactors can also vary in terms of
the membrane shape and features. Zhang et. al. [37] report use of algal-bacterial consortium
on a flat sheet of polyvinylidene fluoride (PVDF) membrane in a 10.35 L bioreactor to
remove organic carbon content from wastewater.

Table 2. Summary of different types of bioreactor for testing Algal species with respect to biomass
yield and CO, fixation efficiency and removal rates.

CO; Removal

Type of . Invention Year Biomass CO; Fixation
Bioreactor Algal Species & Country Yield 2 (%) Efficiency (%) I;iijfiig“i]Q%z References
Tubular Spirulinasp.® 2016 & Brazil 550 0.197 + 0.061 da Rosa
p: ' ' etal. [28]
Bubble column Pamchlore':lla 2022 & Canada 0.49% 0.211 Beigbeder
kessleri et al. [20]
Vertical 2021 & 433°¢ 3.91-22.04 Alarde
Column Chlorophyta Philippines 31.34 156 3.55-15.66 etal. [22]
Flat plate Chiorella 2011 & China 4 Feng et al. [38]
vulgaris
Hollow fiber szmlzn'a 2009 & USA 63.9 80 Lad Kumar
membrane platensis etal. [35]
.Alrhft Chlorel’la 2020 & India 032 4 001 Madhubalaji
Bioreactor vulgaris etal. [11]

2 (C; -C;)/C;, where Cs and Cj are the initial and final biomass concentrations; ® With 0.41 mmol L~ Mono ethanol
amine (MEA); © Trial 1; 9 Trial 2; ¢ Corresponding lipid content of Chlorella vulgaris.

Sebestyén et al. [39] report a type of reactor in which microalgae are cultivated on disks,
partially submerged in water or growth media, rotating on a horizontal shaft. As compared
to conventional photobioreactors, this design offers several advantages including a low
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water requirement, convenience of harvesting, and low footprint. They are also energy
efficient, do not require continuous aeration and offer high CO; capture efficiency [40].
Microbial fuel cells have long been established as a popular study subject in the scien-
tific community due to their simultaneous environmental remediation and bioelectricity
generation potential. A variant of microbial fuel cell typically known as photosynthetic
algae microbial fuel cell (PAMFC) has been proposed in several studies for simultaneous
treatment and power generation. Li et al. [41] report microalgae strains (Chlorella vul-
garis) were used for removal CO; in a bubbling-photosynthetic algae microbial fuel cell
(B-PAMEC) with CO, fixation of up to 2.8 g/L. In addition, an airlift photosynthetic algae
microbial fuel cell (A-PMFC) yielded a CO, fixation rate up to 1149 mg L~'d~!. Other
algal photobioreactors can also be found in the literature such as pyramid type algal pho-
tobioreactor, which is a variant of flat panel and airlift systems and is anticipated to offer
several times greater productivity as compared to their conventional counterparts [33].
Placzek et. al. [33] report a hybrid system consists of closed and open algal reactors
in a process train. Algal strains are first cultivated in the closed reactor and then moved
to an open system. This method avoids the risk of contamination in initial growth stage
and facilitates higher growth rate associated with open systems in the second stage. Xu
et. al. [42] report an application of a photobioreactor bag (PBRB) for removal of chemical
oxygen demand (COD) in addition to the removal of CO, from biogas produced from
piggery wastewater. Table 2 provides a summary of different types of bioreactors for testing
algal species with respect to biomass yield and CO; fixation efficiency and removal rates.

4. Factors Controlling CO, Removal: Focusing on Light Intensity

In this section, the effects of light intensity, light incident, photoinhibition, light supply
arrangements and photoperiod on the efficiency of CO, removal in algae bioreactors are
discussed. Light incident is the light that falls on an object and it can be from natural
lighting, or from a light source. The light intensity is the energy that is transmitted per unit
area per time. The incident angle refers to the angle between the direction of the light and
the surface. Table 3 provides a summary of the influence of light intensity and photoperiods
on the biomass productivity of various algal species in a variety of bioreactors.

4.1. Effect of Incident Light Intensity

CO; removal and subsequent algal growth is a complicated process, which is also
influenced by the incident light among host of other parameters. There is a lack of consensus
on the exact relationship between light intensity and the CO, fixation, but it has been
observed that the increase in light intensity also cause an increase in CO, fixation, until the
light saturation is achieved. When the gaseous stream containing CO, is bubbled through
the algal media in an algal PBR, the CO, present inside the gas bubbles must be reasonably
dissolved into the microalgae suspension to undergo the light driven photosynthetic
conversion into complex organics. Hence, the influence of incident light on each micro-
algal cell is a function of internal mixing. Sufficient mixing is required to assist the CO, in
bubbles to cross over the gas liquid interface, as well as provision of equal light to all algal
cells. The attenuation of incident light is also a concern as absorption and scattering of light
take place along the path, mainly due to micro-algal cells themselves. Self-shading effects
have also been observed in algal PBRs, especially when the system is illuminated using
sunlight. Microalgae are capable of employing 50% of the sunlight for effective conversion
to complex organics via photosynthesis, with rest of the sunlight being wasted. While it
is possible to significantly improve microalgae growth by utilizing artificial light sources
(usually employed in case of a closed type algal photobioreactors), the associated costs
might make this option rather unattractive as compared to natural sunlight. LED light
sources are usually preferred over fluorescent lamps due to longer lifespans and lesser
energy footprint [43].
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Table 3. Influence of light intensity and photoperiods on the biomass productivity of various Algal
species in a variety of bioreactors.

Type of Light Intensit Biomass
P Algal Species Light Source & a2 71y Photoperiods Productivity (mg References
Bioreactor (umol m—2s-1) ) 1
L-1day 1)
Photobioreactor Arthospira
(Volume: 10 L, L . 635, 980, 1300, Light-dark cycles Chaiklahan et al.
Diameter: 22 cm, (5’;’%[;;5) White LED lamp 2300 (12 h:12 ) 620 [13]
Height: 29 cm) P
Flat plat 75 g‘)nce :rslup)ply
(Volume: 4 L, Light-dark cycles 80 (Ti?ilcls sfly 1
Length: 33 cm Oscillatoria sp. Fluorescent lamps 160 pE m~2s~! & Y PP Nithiya et al. [22]
- (12h:12 h) frequency)
Diameter: 22 cm, 92 (Thrice suppl
Height: 10 cm) ; pply
requency)
47.75 (UQ-Lake A
at 10% CO3)
Photobioreactor 50'23{5{,?385; F
(Volume: 30 L, . LED lights (red, Light-dark cycles p »
Diameter: 40 cm, Mixed culture blue, and white) 110 (16 h:8 h) 54.87 (Strom Aslam et al. [44]
Height: 50 cm) water A at
’ 10% CO»)
54.5 (Strom water
F at 10% CO,)
457.5 (Maximum
Sintered disk Light-dark cvcles with CO, and
glass bubble S. Platensis White LED light & (14 he10 g) NaOH for culture ~ Kumari et al. [45]
column ’ medium of
Z(20)3)
. 27.08 £7.80
High pressure (under optimum
In-vertical tubular . sodium Light-dark cycles P .

: Chlorella vulgaris . 1 HPS) Ratomski and
photobioreactor (BA 002) (HPS) light 13.5 umol s (12 h:12 h, 2421 + 8.89 Hawrot-Paw, [46]
(Volume: 2.5 L) LED lights (red, 18 h:6 h, 24 h:0 h) ’ . !

blue, and white) (under optimum
’ LED)
27 (BG-11 media) 47.4 + 0.002
40,5 (Fogg's (BG-11 media)
Scenedesmus . . > \F088 Light-dark cycles 70.23 £ 0.001 Rai and Gupta,
White tube light media) , . )
Abundans 54 (CHU-13 (16 h:8 h) (Fogg’s media) [47]
media) 52.46 £+ 0.002
(CHU-13 media)
Photobioreactor . . .
(Volume: 40 L) Chlorella vulgaris LED light 0-80 Geiman et al. [48]
Sequential
Column (Working o 950 (at 10 min of
volume: 300 mL Chlorella PY-ZU1 W};lt;nltl%flgtﬁ ta;nd 4500-6000 lux Empty Bed Cheng et al. [49]

Diameter: 56 mm
Height: 160 mm)

Residence Time)

4.2. Photoinhibition and Incident Light Intensity

The duration of exposure, as well as the intensity of incident light also influence
the performance of algal bioreactor. Algal PBR is often divided into three major regions,
which are photo-inhibition, photo-limited, and stagnated region. The region where the
light intensity is more than the saturation limit leads to the decline in photochemical
efficiency of microalgae. This region is termed as photo-inhibition region. Chaiklahan
et al. [13] report that the highest light intensity at which reasonable algal biomass growth
was observed is around 2400 pmol/m?s. While in most parametric studies done, light
intensity never exceeded 1000 umol/m?s. Tyystjarvi [50] reports that photoinhibition can
be irreversible, which is ‘light induced loss of oxygen evolution and electron-transport
ability” of the chlorophyll [50]. When the light intensity is reduced below the saturation
level, the photosynthetic efficiency can be recovered [51]. This second type of reversible
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photoinhibition is also termed as ‘dynamic’ photoinhibition [50]. The potential reason
behind the irreversible photoinhibition is the damage to type II photosystem. Type I and
type Il photosystems are algae/plant-based protein complexes that comprise of various
types of chlorophyll. Type I photosystems are capable of absorbing longer wavelengths of
incident light, while type II photosystems absorb the shorter one, generally below 690 nm
wavelength, and are more sensitive to incident light. Type II photosystems get continuously
damaged and repaired during the normal course of life of photosynthetic organisms. This
damage is typically higher in magnitude when the incident light intensity exceeds the
saturation level. However, the damage to type II photosystems does not occur when the
light intensity is too high and can also take place when the photosynthetic organisms is
exposed to low intensity light continuously [52]. The type I photosystems are not immune
to light induced damage. However, the effects of induced light are rather slow in type I
photosystems. It is worth mentioning that even the ‘irreversible” photoinhibition is not
always permanent due to inherent repair mechanisms. Forster et al. [53] report a reason
behind the photoinhibition is the increase in oxidative stress due to excess light intensity.
Excess light intensity can cause an augmented generation of reactive oxidation species
namely radical species with very high oxidation potential.

4.3. Effect of Light Provision Scheme

Another way to improve the provision of incident light lies in the design of the algal
PBRs. Designs with higher surface to volume ratio such as tubular algal PBR and flat plate
PBR have been fabricated using materials with high transparency materials to improve
the incident light. Another novelty in the design that address this issue is the liquid foam
bed PBRs, which employ foam to expose micro-algal cells to light. As compared to plants,
algae need less intensity of light for their growth [43]. In high temperature conditions,
lower intensity of light have been reported as suitable for algal growth, as compared to
colder conditions. Excess production of chlorophyll has also been reported to decrease the
penetration depth of incident light. Cheng et al. [49] report that by optimizing the light
intensity, algal growth can be doubled. At 6000 lux, peak growth rate performance was
achieved faster as compared to 4500 lux.

4.4. Effect of Photoperiod

Another important parameter to be considered is the duration and pattern of exposure
(i.e., period of time each day during which an organism receives illumination), usually
termed as photoperiod. Among other factors, different photoperiods have also been tested
to design the optimum strategy of light exposure, including 12/12 [22,54], 16/8 [44] and
14/10 [45] hour light/dark cycles. Influence of algal growth in a photobioreactor is also a
function of type of light source used [46]. It is worth mentioning that continuous exposure
to light (24/0 light/dark cycle) has led to inferior performance of the algal photobioreactor;
thus dark period is also required by the algal species for formation of ATP and NADPH [47].
The energy consumption due to continuous provision of light during the light period can
be brought down significantly by design and deployment of control system that affects the
incident light intensity as per the CO; concentration using a feedback control loop [48].

5. Conclusions

The CO, sequestration by algal photobioreactor and the parameters influencing the
process are frequently studied in peer reviewed literature. There are still gaps for more
research in certain areas. In this work, we reviewed recent developments of algal bioreactors
used for CO, removal and the factors affecting the reactor performance. The main focus of
the study is related to intensity of light and photoperiods. The influence of light intensity
has been widely studied in case of bubbling and airlift algal photobioreactors, however
future research should focus on the influence of light intensity and optimum photoperiod
in novel designs of algal photobioreactors such as algal microbial fuel cell, algal disk type
reactors and novel membrane type algal bioreactors. While algal photobioreactors are a
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cleaner alternative of CO; fixation as compared to their chemical counterparts, there is a
dire need for development of schemes to deploy algal photobioreactors more frequently
in industrial CO; sequestration processes. In future, novel hybrid processes in which
micro-algal strains with commercial value will be developed in addition to CO, removal.
An interesting application would be removal of CO; from a space vessel’s atmosphere and
provide oxygen and edible biomass to the personnel onboard [55]. The improvement in
photosynthesis efficiency will also allow the development of practically viable portable
and/or modular algal bioreactors. The practical design of modular algal photobioreactors
cannot be achieved without the improvement in the utilization of incident light intensity.
While there are efforts underway to optimize the light sources and the incident light
frequencies, further investigations are required that might have good potential of rapid
CO, fixation. Since utilization and commercial use of algae is fast growing and has a
broader significance on society, a more research on novel algae bioreactor development and
factors that influence algae growth in such reactors are expected.

Author Contributions: Conceptualization and methodology, Z.S. and A.E.; writing—original draft
preparation, Z.S. and A.E.; writing—review and editing, Z.S., A.E. and Z.B.B.; supervision, Z.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The work in this paper was supported, in part, by the Open Access Program
from the American University of Sharjah. This paper represents the opinions of the author(s) and
does not mean to represent the position or opinions of the American University of Sharjah.

Conflicts of Interest: The author declares no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Zhou, W.; Wang, J.; Chen, P;; Ji, C.; Kang, Q.; Lu, B.; Li, K,; Liu, J.; Ruan, R. Bio-mitigation of carbon dioxide using microalgal
systems: Advances and perspectives. Renew. Sustain. Energy Rev. 2017, 76, 1163-1175. [CrossRef]

Znad, H.; Naderi, G.; Ang, H.; Tade, M. CO2 Biomitigation and Biofuel Production Using Microalgae: Photobioreactors Developments
and Future Directions, In Advances in Chemical Engineering; Nawaz, Z., Naveed, S., Eds.; IntechOpen: London, UK, 2012. [CrossRef]
Vunjak-Novakovic, G.; Kim, Y.; Wu, X; Berzin, A.L; Merchuk, J.C. Air-Lift Bioreactors for Algal Growth on Flue Gas: Mathematical
Modeling and Pilot-Plant Studies. Ind. Eng. Chem. Res. 2005, 44, 6154—6163. [CrossRef]

Singh, A.; Nigam, P.S.; Murphy, J.D. Renewable fuels from algae: An answer to debatable land based fuels. Bioresour. Technol.
2011, 102, 10-16. [CrossRef] [PubMed]

Bahadar, A.; Khan, M.B. Progress in energy from microalgae: A review. Renew. Sustain. Energy Rev. 2013, 27, 128-148. [CrossRef]
Jalilian, N.; Najafpour, G.D.; Khajouei, M. Macro and Micro Algae in Pollution Control and Biofuel Production—A Review.
ChemBioEng Rev. 2020, 7, 18-33. [CrossRef]

Ge, Y,; Liu, J.; Tian, G. Growth characteristics of Botryococcus braunii 765 under high CO, concentration in photobioreactor.
Bioresour. Technol. 2011, 102, 130-134. [CrossRef]

Endo, H.; Sansawa, H.; Nakajima, K. Studies on Chlorella regularis, heterotrophic fast-growing strain II. Mixotrophic growth in
relation to light intensity and acetate concentration. Plant Cell Physiol. 1977, 18, 199-205. [CrossRef]

Ghayal, M.S.; Pandya, M.T. Microalgae biomass: A renewable source of energy. Energy Procedia 2013, 32, 242-250. [CrossRef]
Lee, J.-Y; Yoo, C.; Jun, S.-Y.; Ahn, C.-Y;; Oh, H.-M. Comparison of several methods for effective lipid extraction. Bioresour. Technol.
2010, 101, S75-577. [CrossRef]

Madhubalaji, C.K.; Chandra, T.S.; Chauhan, V.S.; Sarada, R.; Mudliar, S.N. Chlorella vulgaris cultivation in airlift photobioreactor
with transparent draft tube: Effect of hydrodynamics, light and carbon dioxide on biochemical profile particularly w-6/w-3 fatty
acid ratio. J. Food Sci. Technol. 2019, 57, 866—876. [CrossRef] [PubMed]

Sun, Y.; Duan, D.; Chang, H.; Guo, C. Optimizing light distributions in a membrane photobioreactor via optical fibre to enhance
CO; photo biochemical conversion by a Scenedesmus obliguus biofilm. Ind. Eng. Chem. Res. 2020, 59, 21654-21662. [CrossRef]
Chaiklahan, R.; Chirasuwan, N.; Srinorasing, T.; Attasat, S.; Nopharatana, A.; Bunnag, B. Enhanced biomass and phycocyanin
production of Arthrospira (Spirulina) platensis by a cultivation management strategy: Light intensity and cell concentration.
Bioresour. Technol. 2021, 343, 126077. [CrossRef] [PubMed]

Al Haboubi, N. CO, sequestration using a novel Belt Conveyor Reactor with rotating sieve trays compared with Airlift Bubble
Column as photobioreactors. J. King Saud Univ.-Eng. Sci. 2021, in press. [CrossRef]

Do, C.V.T; Dinh, C.T.; Dang, M.T.; Tran, T.D.; Le, T.G. A novel flat-panel photobioreactor for simultaneous production of lutein
and carbon sequestration by Chlorella sorokiniana. Bioresour. Technol. 2021, 345, 126552. [CrossRef]


http://doi.org/10.1016/j.rser.2017.03.065
http://doi.org/10.5772/32568
http://doi.org/10.1021/ie049099z
http://doi.org/10.1016/j.biortech.2010.06.032
http://www.ncbi.nlm.nih.gov/pubmed/20615690
http://doi.org/10.1016/j.rser.2013.06.029
http://doi.org/10.1002/cben.201900014
http://doi.org/10.1016/j.biortech.2010.06.051
http://doi.org/10.1093/oxfordjournals.pcp.a075413
http://doi.org/10.1016/j.egypro.2013.05.031
http://doi.org/10.1016/j.biortech.2009.03.058
http://doi.org/10.1007/s13197-019-04118-5
http://www.ncbi.nlm.nih.gov/pubmed/32123407
http://doi.org/10.1021/acs.iecr.0c03854
http://doi.org/10.1016/j.biortech.2021.126077
http://www.ncbi.nlm.nih.gov/pubmed/34601024
http://doi.org/10.1016/j.jksues.2021.12.007
http://doi.org/10.1016/j.biortech.2021.126552

BioTech 2023, 12, 10 14 0of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Alarde, H.P; Bartolabac, K.J.; Acut, D. Development of an Arduino-based Photobioreactor (PBR) to investigate Algae growth rate
and Carbon dioxide (CO;) removal efficiency. IAES Int. J. Robot. Autom. (IJRA) 2022, 11, 141-160. [CrossRef]

Senatore, V.; Buonerba, A.; Zarra, T.; Oliva, G.; Belgiorno, V.; Boguniewicz-Zablocka, J.; Naddeo, V. Innovative membrane
photobioreactor for sustainable CO, capture and utilization. Chemosphere 2021, 273, 129682. [CrossRef] [PubMed]

Feng, F; Li, Y.; Latimer, B.; Zhang, C.; Nair, S.S.; Hu, Z. Prediction of maximum algal productivity in membrane bioreactors with
a light-dependent growth model. Sci. Total Environ. 2021, 753, 141922. [CrossRef]

Ratomski, P.; Hawrot-Paw, M.; Koniuszy, A. Utilization of CO; from Sodium Bicarbonate to Produce Chlorella Vulgaris Biomass
in Tubular Photobioreactors for Biofuel Purposes. Sustainability 2021, 13, 9118. [CrossRef]

Beigbeder, J.-B.; Lavoie, ].-M. Effect of photoperiods and CO, concentration on the cultivation of carbohydrate-rich P. kessleri
microalgae for the sustainable production of bioethanol. J. CO2 Util. 2022, 58, 101937. [CrossRef]

Cui, J.; Purton, S.; Baganz, F. Characterization of a simple ‘hanging bag’ photobioreactor for low-cost cultivation of microalgae.
J. Chem. Technol. Biotechnol. 2021, 97, 608-619. [CrossRef]

Nithiya, E.M.; Tamilmani, J.; Vasumathi, K.K.; Premalatha, M. Improved CO, fixation with Oscillatoria sp. in response to various
supply frequencies of CO, supply. J. CO2 Util. 2017, 18, 198-205. [CrossRef]

Rinanti, A.; Dewi, K.; Kardena, E.; Astuti, D.I. Biotechnology Carbon Capture and Storage (CCS) by Mix-culture Green Microalgae
to Enhancing Carbon Uptake Rate and Carbon Dioxide Removal Efficiency with Variation Aeration Rates in Closed System
Photobioreactor. . Teknol. 2014, 69. [CrossRef]

Chae, S.; Hwang, E.; Shin, H. Single cell protein production of Euglena gracilis and carbon dioxide fixation in an innovative
photo-bioreactor. Bioresour. Technol. 2006, 97, 322-329. [CrossRef] [PubMed]

Algae Market Potentially Worth $320 Billion Draws Honda, Eneos. 2022. Available online: https://www.bloomberg.com/news/
articles/2022-01-23/algae-market-potentially-worth-320-billion-draws-honda-eneos (accessed on 31 October 2022).

Patel, A.; Matsakas, L.; Rova, U.; Christakopoulos, P. A perspective on biotechnological applications of thermophilic microalgae
and cyanobacteria. Bioresour. Technol. 2019, 278, 424-434. [CrossRef] [PubMed]

Hsueh, H.; Chu, H.; Yu, S. A batch study on the bio-fixation of carbon dioxide in the absorbed solution from a chemical wet
scrubber by hot spring and marine algae. Chemosphere 2007, 66, 878-886. [CrossRef]

da Rosa, G.M.; Moraes, L.; Souza, M.D.R.A.Z.D.; Costa, ].A.V. Spirulina cultivation with a CO, absorbent: Influence on growth
parameters and macromolecule production. Bioresour. Technol. 2016, 200, 528-534. [CrossRef]

Kazbar, A.; Cogne, G.; Urbain, B.; Marec, H.; Le-Gouic, B.; Tallec, J.; Takache, H.; Ismail, A.; Pruvost, J. Effect of dissolved oxygen
concentration on microalgal culture in photobioreactors. Algal Res. 2019, 39, 101432. [CrossRef]

Kunjapur, A.M.; Eldridge, R.B. Photobioreactor Design for Commercial Biofuel Production from Microalgae. Ind. Eng. Chem. Res.
2010, 49, 3516-3526. [CrossRef]

Junying, Z.; Junfeng, R.; Baoning, Z. Factors in mass cultivation of microalgae for biodiesel. Chin. . Catal. 2013, 34, 80-100.
Growing Algae. Available online: https://energyeducation.ca/encyclopedia/Growing_algae (accessed on 6 December 2022).
Placzek, M.; Patyna, A.; Witczak, S. Technical evaluation of photobioreactors for microalgae cultivation. E3S Web Conf. 2017, 19,
02032. [CrossRef]

Singh, R.N.; Sharma, S. Development of suitable photobioreactor for algae production—A review. Renew. Sustain. Energy Rev.
2012, 16, 2347-2353. [CrossRef]

Kumar, A.; Yuan, X.; Sahu, A K,; Dewulf, J.; Ergas, S.J.; Van Langenhove, H. A hollow fiber membrane photo-bioreactor for
CO2 sequestration from combustion gas coupled with wastewater treatment: A process engineering approach. J. Chem. Technol.
Biotechnol. 2010, 85, 387-394. [CrossRef]

Fan, L.H.; Zhang, Y.T.; Cheng, L.H.; Zhang, L.; Tang, D.S.; Chen, H.L. Optimization of carbon dioxide fixation by Chlorella
vulgaris cultivated in a membrane-photobioreactor. Chem. Eng. Technol. Ind. Chem.-Plant Equip.-Process Eng.-Biotechnol. 2007, 30,
1094-1099.

Zhang, M.; Leung, K.-T,; Lin, H.; Liao, B. The biological performance of a novel microalgal-bacterial membrane photobioreactor:
Effects of HRT and N/P ratio. Chemosphere 2020, 261, 128199. [CrossRef] [PubMed]

Feng, Y,; Li, C.; Zhang, D. Lipid production of Chlorella vulgaris cultured in artificial wastewater medium. Bioresour. Technol.
2011, 102, 101-105. [CrossRef]

Sebestyén, P; Blanken, W.; Bacsa, I.; Toth, G.; Martin, A.; Bhaiji, T.; Dergez, A.; Kesser(i, P; Kods, A.; Kiss, L. Upscale of a laboratory
rotating disk biofilm reactor and evaluation of its performance over a half-year operation period in outdoor conditions. Algal Res.
2016, 18, 266-272. [CrossRef]

Sivasangari, S.; Rajan, T.V.; Nandhini, J. Aspects of photobioreactor and algadisk in CO, sequestration and biomass production.
Energy Sources Part A Recover. Util. Environ. Eff. 2019, 1-8. [CrossRef]

Li, M.; Zhou, M,; Luo, J.; Tan, C; Tian, X.; Su, P,; Gu, T. Carbon dioxide sequestration accompanied by bioenergy generation using
a bubbling-type photosynthetic algae microbial fuel cell. Bioresour. Technol. 2019, 280, 95-103. [CrossRef]

Xu, ].; Zhao, Y.; Zhao, G.; Zhang, H. Nutrient removal and biogas upgrading by integrating freshwater algae cultivation with
piggery anaerobic digestate liquid treatment. Appl. Microbiol. Biotechnol. 2015, 99, 6493-6501. [CrossRef]

Singh, H.M.; Kothari, R.; Gupta, R.; Tyagi, V. Bio-fixation of flue gas from thermal power plants with algal biomass: Overview
and research perspectives. J. Environ. Manag. 2019, 245, 519-539. [CrossRef]


http://doi.org/10.11591/ijra.v11i2.pp141-160
http://doi.org/10.1016/j.chemosphere.2021.129682
http://www.ncbi.nlm.nih.gov/pubmed/33515958
http://doi.org/10.1016/j.scitotenv.2020.141922
http://doi.org/10.3390/su13169118
http://doi.org/10.1016/j.jcou.2022.101934
http://doi.org/10.1002/jctb.6985
http://doi.org/10.1016/j.jcou.2017.01.025
http://doi.org/10.11113/jt.v69.3317
http://doi.org/10.1016/j.biortech.2005.02.037
http://www.ncbi.nlm.nih.gov/pubmed/16171688
https://www.bloomberg.com/news/articles/2022-01-23/algae-market-potentially-worth-320-billion-draws-honda-eneos
https://www.bloomberg.com/news/articles/2022-01-23/algae-market-potentially-worth-320-billion-draws-honda-eneos
http://doi.org/10.1016/j.biortech.2019.01.063
http://www.ncbi.nlm.nih.gov/pubmed/30685131
http://doi.org/10.1016/j.chemosphere.2006.06.022
http://doi.org/10.1016/j.biortech.2015.10.025
http://doi.org/10.1016/j.algal.2019.101432
http://doi.org/10.1021/ie901459u
https://energyeducation.ca/encyclopedia/Growing_algae
http://doi.org/10.1051/e3sconf/20171902032
http://doi.org/10.1016/j.rser.2012.01.026
http://doi.org/10.1002/jctb.2332
http://doi.org/10.1016/j.chemosphere.2020.128199
http://www.ncbi.nlm.nih.gov/pubmed/33113666
http://doi.org/10.1016/j.biortech.2010.06.016
http://doi.org/10.1016/j.algal.2016.06.024
http://doi.org/10.1080/15567036.2019.1675819
http://doi.org/10.1016/j.biortech.2019.02.038
http://doi.org/10.1007/s00253-015-6537-x
http://doi.org/10.1016/j.jenvman.2019.01.043

BioTech 2023, 12, 10 150f 15

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

Aslam, A.; Thomas-Hall, S.R.; Mughal, T.A.; Schenk, PM. Selection and adaptation of microalgae to growth in 100% unfiltered
coal-fired flue gas. Bioresour. Technol. 2017, 233, 271-283. [CrossRef]

Kumari, A.; Kumar, A.; Pathak, A.K.; Guria, C. Carbon dioxide assisted Spirulina platensis cultivation using NPK-10:26:26
complex fertilizer in sintered disk chromatographic glass bubble column. J. CO2 Util. 2014, 8, 49-59. [CrossRef]

Ratomski, P.; Hawrot-Paw, M. Production of Chlorella vulgaris Biomass in Tubular Photobioreactors during Different Culture
Conditions. Appl. Sci. 2021, 11, 3106. [CrossRef]

Rai, M.P,; Gupta, S. Effect of media composition and light supply on biomass, lipid content and FAME profile for quality biofuel
production from Scenedesmus abundans. Energy Convers. Manag. 2017, 141, 85-92. [CrossRef]

Geiman, C.B.; Taub, EB.; Garbini, J.L. Improving Algae Photobioreactor Efficiency through Active Irradiance Control for Dynamic
Carbon Dioxide Fixation. In Proceedings of the 50th International Conference on Environmental Systems, Lisbon, Portugal,
12-15 July 2021.

Cheng, J.; Huang, Y.; Feng, J.; Sun, J.; Zhou, J.; Cen, K. Improving CO, fixation efficiency by optimizing Chlorella PY-ZU1 culture
conditions in sequential bioreactors. Bioresour. Technol. 2013, 144, 321-327. [CrossRef] [PubMed]

Tyystjarvi, E. Photoinhibition of photosystem II. Int. Rev. Cell Mol. Biol. 2013, 300, 243-303. [PubMed]

Platt, T.; Gallegos, C.L. Modelling primary production. In Primary Productivity in the Sea; Springer: Boston, MA, USA, 1980;
pp- 339-362.

Keren, N.; Berg, A.; van Kan, P.J.M.; Levanon, H.; Ohad, I. Mechanism of photosystem II photoinactivation and D1 protein
degradation at low light: The role of back electron flow. Proc. Natl. Acad. Sci. USA 1997, 94, 1579-1584. [CrossRef]

Forster, B.; Osmond, C.B.; Pogson, B. Improved survival of very high light and oxidative stress is conferred by spontaneous
gain-of-function mutations in Chlamydomonas. Biochim. Biophys. Acta (BBA)-Bioenerg. 2005, 1709, 45-57. [CrossRef]

Duarte, ].H.; Costa, J.A.V. Synechococcus nidulans from a thermoelectric coal power plant as a potential CO, mitigation in culture
medium containing flue gas wastes. Bioresour. Technol. 2017, 241, 21-24. [CrossRef]

Ai, W.; Guo, S.; Qin, L.; Tang, Y. Development of a ground-based space micro-algae photo-bioreactor. Adv. Space Res. 2008, 41,
742-747. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.biortech.2017.02.111
http://doi.org/10.1016/j.jcou.2014.07.001
http://doi.org/10.3390/app11073106
http://doi.org/10.1016/j.enconman.2016.05.018
http://doi.org/10.1016/j.biortech.2013.06.122
http://www.ncbi.nlm.nih.gov/pubmed/23891832
http://www.ncbi.nlm.nih.gov/pubmed/23273864
http://doi.org/10.1073/pnas.94.4.1579
http://doi.org/10.1016/j.bbabio.2005.05.012
http://doi.org/10.1016/j.biortech.2017.05.064
http://doi.org/10.1016/j.asr.2007.06.060

	Introduction 
	The Role of Algae in CO2 Removal 
	Types of Algae Bioreactors 
	Tubular Bioreactor 
	Vertical Airlift Reactor 
	Bubble Column Reactor 
	Flat Panel or Plate Reactor 
	Stirred Tank Reactor 
	Other Types of Bioreactors 

	Factors Controlling CO2 Removal: Focusing on Light Intensity 
	Effect of Incident Light Intensity 
	Photoinhibition and Incident Light Intensity 
	Effect of Light Provision Scheme 
	Effect of Photoperiod 

	Conclusions 
	References

