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Abstract: Microalgae is a promising metabolism microorganism for the fixation of CO2 from industrial
gas while accumulating microalgae biomass. The process of CO2 fixation by microalgae is able to
be significantly improved by the regulation of phytohormones. However, the complex metabolic
mechanism of microalgae regulated by phytohormones and abiotic stress on CO2 fixation deserves to
be explored. To systematically understand the existing status and establish a foundation for promoting
the technology, this paper reviews investigations on the metabolic mechanism of microalgae regulated
by phytohormones. The influences of nitrogen stress, light intensity stress, heavy metal stress, and
salinity stress on CO2 fixation and lipid production are summarized. In addition, a comprehensive
overview of the multistage regulation of phytohormones and abiotic stress on CO2 fixation and lipid
production through microalgae is presented. The recent advances in CO2 transfer reinforcement and
light transmission reinforcement in photobioreactors are discussed. This review provides an insight
into the enhancement of CO2 fixation by microalgae regulated by phytohormones, abiotic stress, and
mass transfer in multistage photobioreactors.

Keywords: microalgae; CO2 fixation; phytohormones; abiotic stress; multistage regulation; photobioreactor

1. Introduction

Increasing carbon dioxide (CO2) emission induced by the consumption of fossil fuels
links to global warming, urging the development of CO2 capture, utilization, and storage
(CCUS) technology [1,2]. Microalgae cultivation is an efficient process to convert light
energy and CO2 into glucose in microalgae cells. According to the mass ratio of carbon
stored in microalgae biomass, producing 1 ton of microalgae biomass can capture about
0.5 tons of carbon [3,4]. Therefore, microalgae photosynthesis is a potential CO2 fixation
technology [5]. The accumulation rate of organic matter and the CO2 fixation rate by
microalgae are 10–50 times higher than those of terrestrial plants [6]. In addition, microal-
gae utilizes glucose and nutrients to produce high-value products (proteins, amino acids,
carbohydrates, lipids, sugars, nucleic acids, vitamins, chlorophylls and carotenoids, ter-
penes, lutein, and astaxanthin) [7,8]. The production of high-value products guarantees the
economic feasibility of CO2 capture by the photosynthesis of microalgae [5,9–11]. Nowa-
days, commercial microalgae cultivation aims to obtain the high-value added products
which are applied in the pharmaceutical and cosmetic industries [12,13]. However, the CO2
fixation from industrial gas of microalgae has not been commercialized [14] due to the low
photosynthetic rate of microalgae.

Microalgae, a kind of unicellular photoautotrophic microorganism living in water,
is regarded as a microgranular carbon sink [15]. Microalgae suspension, consisting of a
large amount of microalgae suspended in water, acts as a continuous carbon sink [16]. The
growth rate of microalgal cells and the environmental conditions (abiotic stress factors) are
key factors affecting the CO2 fixation of microalgae suspensions [17]. Particularly, improper
temperature and the CO2 concentration of industrial gas are not suitable to the growth of
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microalgae [18]. It has been reported that the maximum CO2 fixation rate of microalgae
suspensions in photobioreactors is 0.8 g·L−1·d−1 [19]. Restrained by the limited volume of
the photobioreactor, the efficiency of CO2 fixation is requested to be enhanced for capturing
CO2 from industrial gas [20].

Phytohormones are natural or synthetic chemical modulators that regulate the growth
and metabolites of microalgae [21,22]. Several investigations verified that the accumulation
of microalgae biomass and the CO2 fixation rate are significantly promoted 2–3-fold through
adding phytohormones with a trace concentration (10−8–10−5 mol/L) [23]. In addition, the
limitation of abiotic stresses (light intensity, temperature, pH, and CO2 concentration) on
the growth rate of microalgae can be lowered by phytohormones [17]. Therefore, microal-
gae cultivation using industrial gas as source is able to be regulated by phytohormones [24].
Particularly, the effect of phytohormones on the growth and carbon sequestration of mi-
croalgae is specific to different algae strains [25]. Moreover, the photosynthetic rate of
microalgae is also affected by the concentration of phytohormones in the microalgae sus-
pension. For instance, the carbon fixation rate will be reduced when the concentration of
phytohormones is higher or lower than the ideal region [26]. In addition to the application
of single phytohormones, the coupling of abiotic stresses and phytohormones can also
be used to promote the CO2 fixation of microalgae and the accumulation of organics in
microalgae cells [27]. Therefore, it is crucial to propose an optimal method for the industrial
CO2 capture during microalgae cultivation, combining the regulation of environmental
factors and the addition of phytohormones.

Based on the growth period, the culture of microalgae can be mainly divided into
multiple stages [20]. The regulation of phytohormones and abiotic stresses based on the
growth stage of microalgae can promote CO2 capture and lipid accumulation [28]. During
the lag phase of microalgae growth, a low concentration of nutrients and low light intensity
can significantly shorten the duration of cell growth [29]. In the exponential growth phase,
appropriately enhanced light intensity can increase the rate of growth and the CO2 fixation
of microalgae [30]. Meanwhile, the phytohormones, which can enhance microalgae cell
division, should be added in the microalgae suspension [31]. In the stable growth period,
using different phytohormones can maintain algal cell growth and promote metabolite
synthesis [27,32–34]. However, the synergistic effects of phytohormones and abiotic stresses
on the CO2 fixation and the organic accumulation of microalgae cells are unclear.

Photobioreactors are a place for the photosynthesis of microalgae suspensions, ac-
companied by the CO2 fixation, microalgae cell multiplication, and oil accumulation in
microalgae cells [28,35]. In photobioreactors, CO2, light, a suitable temperature, nutrient
substances, and phytohormones are provided in the cultivation of microalgae [36]. The
CO2 fixation rate of microalgae suspensions is affected by the culture conditions, such as
the light intensity, concentration of nutrients and phytohormones, and temperature [24].
However, the nonuniform distribution of light intensity and nutrients affects the photosyn-
thetic carbon fixation capacity of microalgae suspensions [37]. In particular, the distribution
of phytohormones plays an important role in the photosynthetic carbon fixation of mi-
croalgae [29]. It is necessary to optimize the distribution of CO2 bubbles and reduce the
bubble size in photobioreactors so as to promote the gas–liquid mass transfer coefficient of
CO2 [20]. In addition, the CO2 fixation rate of microalgae suspensions is also affected by
the mode of the photobioreactor. Compared to batch photobioreactors, semicontinuous
or continuous photobioreactors are more convenient for adjusting the supply mode of
phytohormones and environmental conditions based on the cultivation stage of the mi-
croalgae [38,39]. Therefore, the operation and the structure of the photobioreactor facilitate
the CO2 fixation and the production of organics of the microalgae suspension with the help
of phytohormones.

In this review, recent advances in the synergistic effects of phytohormones and abiotic
stresses on the CO2 fixation and the organic accumulation of microalgae cells in photo-
bioreactors are provided (Figure 1). The effects of abiotic stresses (CO2 concentration, light
intensity, temperature, and nutrient concentration) on the photosynthesis and metabolite
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accumulation in microalgae are discussed. On the basis of the growth stage of microalgae,
the multistage method of microalgae cultivation is summarized, aimed at promoting the
CO2 fixation rate with the regulation of various phytohormones. Moreover, the operation
and the structure of photobioreactors for microalgae cultivation for CO2 fixation in indus-
trial applications are evaluated. This review provides an opinion on industrial CO2 fixation
through microalgae regulated by phytohormones and culture processes in photobioreactors.

Figure 1. Regulation of CO2 fixation of microalgae in a photobioreactor by phytohormones and
abiotic stresses.

2. The Metabolic Mechanism of Microalgae Regulated by Phytohormones

Phytohormones are a kind of small molecule, acting as chemical messengers to reg-
ulate cell division, growth, and tissue differentiation of the higher plant [21]. As the
physiological properties of microalgae are similar to those of the higher plant, phytohor-
mones are also useful to the cell division and metabolism of microalgae [21,40]. In addition,
phytohormones are able to avoid the inhibiting effect of abiotic stresses on the growth
of microalgae cells, maintaining the CO2 fixation rate [7,31]. In microalgae suspensions,
phytohormones with micro-concentrations can effectively promote the growth, division,
and oil accumulation of microalgae cells [41]. Auxin, cytokinin (CK), abscisic acid (ABA),
gibberellin (GA), ethylene (ET), and salicylic acid (SA) are common phytohormones for the
regulation of the growth of microalgae [42,43]. These phytohormones play different roles
in the growth and accumulation of organics.

2.1. The Species of Phytohormones

Auxin is a kind of phytohormone that was discovered first [44]. Auxin can regulate
the growth and division of microalgae cells [45]. Its main phytohormones include indole-3-
acetic acid (IAA), indole-3-butyric acid (IBA), indole-3-acetamide (IAM), indole-3-propionic
acid (IPA), and indole-3-naphthylacetic acid (NAA) [46]. Among them, indole-3-acetic acid
(IAA) has the most abundant concentration and the broadest distribution in plants [47].
During the photosynthesis of microalgae, the carbon fixation of microalgae is dependent
on ribulose-1, 5-diphosphoate carboxylase [48]. The activity of ribulose-1, 5-diphosphoate
carboxylase can be efficiently promoted by IAA [49]. In addition, the activity of acetyl-co A
carboxylase can be enhanced by IAA, increasing the synthesis of lipids in microalgae cells.
Therefore, providing a suitable concentration of IAA is beneficial for the carbon fixation of
microalgae photosynthesis.
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Cytokinin (CK) is a derivative of adenine, consisting of zeatin, kinetin, and 6-BA [50].
The division and growth of microalgae cells can be regulated by CK to accelerate the
growth of plants [51]. CK also enhances the accumulation of photosynthetic pigments,
promoting photosynthetic efficiency and biomass production [52]. Particularly, CK is able
to regulate the disease resistance of plants [53]. Moreover, CK protects the photosynthesis
and metabolism of plants under environmental stresses [54].

Gibberellin (GA) plays an important role in seed germination, cell growth, cell division,
photomorphosis, blossoms, and environmental responses [46]. Not only accelerating cell
growth and cell division, GA also promotes the synthesis of proteins and lipids [33,55].
According to the position and number of double bonds and hydroxide radicals of molecular
structures, GA is divided as GA1, GA2, GA3, GA4, GA5, GA6, and GA7 [56].

Abscisic acid (ABA) is a sesquiterpenoid existing in higher plants [57]. ABA is
mainly used to release the environmental stresses on the growth and metabolism of higher
plants [58]. The drought resistance, cold resistance, disease resistance, and salt tolerance of
higher plants can be improved by the addition of ABA [44,59,60].

Ethylene (ET) is a phytohormone in the gaseous state [61]. Ethylene can regulate the
growth and metabolism of plants while keeping plants alive under biotic stresses or abiotic
stresses [62]. The effects of ethylene on cell growth and organic synthesis are dependent on
the concentration of ET [63].

In addition to the five typical phytohormones discussed above, several other phyto-
hormones can also improve the capacity of photosynthetic carbon fixation and the organic
synthesis of microalgae, such as salicylic acid (SA), brassinosteroid (BRs), jasmonates (JAs),
and melatonin (MT) [64,65]. SA is involved in the regulation of seed germination, cell
growth, photosynthesis, and nitrogen fixation [66]. Meanwhile, SA induces the adaptability
of plants to several abiotic stresses, such as low temperatures, salinity, heavy metals, and
dryness, protecting carbon fixation and biofuel synthesis. Brassica sterols (BRs) can improve
the antioxidant ability of cells, accelerating the synthesis of proteins, nucleic acids, sugars,
and photosynthetic pigments [64,65]. In addition, BRs can also resist abiotic stresses and
enhance cell division. Jasmonates (JAs) consist of jasmonic acid (JA) and methyl jasmonate
(MJ). JAs are able to promote the synthesis of cyanin and β-carotene [31]. Melatonin (MT)
is a natural antioxidant that can promote the photosynthesis and organic synthesis of
microalgae under several abiotic stresses [33], such as high light and nitrogen deficiency.

2.2. Regulation of Phytohormones on Microalgae Growth

Most phytohormones participate in the physiological processes of microalgal cells,
such as resisting oxidative stress and promoting cell growth, cell division, and organic
synthesis [67]. Particularly, the effect of one phytohormone on the growth and carbon
sequestration of microalgae is dependent on the algal strain. Moreover, the optimal con-
centration of phytohormones is different for various algal strains during the cultivation
process. Table 1 summarizes the biomass production and biocrude production of microal-
gae cultivation regulated by various phytohormones with different concentrations. The
cell density, dry weight, and lipid accumulation are the maximum values observed for
microalgae cultures. The CO2 fixation mass of microalgae (∆mCO2) can be calculated by the
accumulation of microalgae biomass [68]:

∆m CO2 = C % ∆ m algae M CO2 /M C (1)

where C% is the carbon content of the microalgae which is set as 50% [3,4], ∆malgae is
the accumulate mass of the microalgae biomass (g), and MCO2 and Mc are the relative
molecular weights of carbon dioxide and carbon.

The effects of phytohormones on microalgae cultivation are dependent on the algal
strain [7]. Microalgae suspensions with different algal strains have different biomass pro-
ductions and lipid productions [22]. Therefore, it is necessary to summarize the specific
effects of phytohormones on the biomass production and lipid production of algal strains.
Jiang et al. [69] revealed that diethyl aminoethyl hexanoate (DAH) with a concentration



Energies 2023, 16, 897 5 of 17

of 10−7 mol·L−1 could obviously promote the biomass productivity and lipid productivity
of Chlorella, with a maximum lipid yield of 32.5% and 30.3%, respectively. Piotrowska-
Niczyporuk and Bajguz [70] indicated that IAA with a concentration of 1 ppm led to the best
growth of Chlorella vulgaris (649.9 × 106 cells·L−1). Meanwhile, GA3 with a concentration
of 1 ppm led to the best growth of Chlorella vulgaris (592.2 × 106 cells·L−1). Trinh et al. [71]
reported the effects of IAA and zeatin on the growth of Nannochloropsis oculate with a culture
period of 35 d. It can be observed that the maximum biomass yield was 21.0 × 106 cells/mL
regulated by IAA at a concentration of 0.5 ppm. However, the maximum biomass yield was
22.9 × 106 cells/mL regulated by zeatin at a concentration of 0.75 ppm. Salama et al. [25]
observed that the maximum cell concentration of scenedesmus obliquus (38.12 × 106 cells·mL−1)
was obtained at an IAA concentration and DAH concentration of 10−8 mol·L−1, while the
maximum cell concentration of Chlorella vulgaris (4.09 × 106 cells·mL−1) was obtained at an
IAA concentration and DAH concentration of 10−5 mol·L−1.

In microalgae cultivation, phytohormones with micro-concentrations efficiently promote
the carbon fixation, cell growth, and lipid production of microalgae. Generally, the concen-
tration of phytohormones in microalgae suspensions is in the range of 10−8–10−5 mol·L−1.
Salama et al. [26] found that IAA and diethyl aminoethyl hexanoate (DAH) with a concen-
tration of 10−5 mol·L−1 could obviously promote the growth of Scenedesmus obliquus. The
biomass yield of Scenedesmus obliquus increased by 1.9 and 2.5 times that of the culture solu-
tion without IAA and DAH. Trinh et al. [71] regulated the growth of Nannochloropsis oculate
through providing GA3. The best microalgae cell concentration was 19.3 × 106 cells·mL−1

at a GA3 concentration of 0.25 ppm. Similarly, González-Garcinuño et al. [67] indicated
that the maximum CO2 fixation rate appeared at a GA3 concentration of 60 ppm, with a
corresponding microalgae cell concentration and lipid yield of 82.9.2 × 106 cells·mL−1 and
33.1 mg·L−1, respectively.

However, when the concentration of phytohormones is higher than a certain value,
the carbon fixation and lipid production of microalgae are limited by the phytohor-
mones in suspension. In the cultivation of Nannochloropsis oceanica, Udayan and Aru-
mugam et al. [72] found that the microalgae cell concentration increased from 215.5 × 106

to 579.5 × 106 cells·mL−1 with an increasing concentration of IAA from 0 to 10 ppm and
then decreased from 579.5 × 106 to 520.1 × 106 cells·mL−1 with an increasing concentration
of IAA from 10 to 50 ppm. Pan et al. [73] found that lipid production (880.1 mg·L−1)
regulated by ABA with a concentration of 10 ppm was 1.97 times higher than the control
group without ABA. However, the accumulation of lipids of the microalgae was limited by
ABA when the concentration was 20 ppm, with a lipid production of 330.5 mg·L−1.

Table 1. Effect of phytohormones on the growth and lipid accumulation of microalgae.

Phytohormone Specific
Phytohormone Species

Concentration of
Phytohormone

(ppm)

Cell Density
(106 Cells/mL)

Dry
Weight (mg/L)

Lipid
Accumulation

(mg/L)
References

Auxins

IAA Nannochloropsis
oceanica

0 215.5 392.6 120.6

[72]

10 579.5 544.1 241.2
20 576.5 536.8 291.2
30 574.8 526.5 310.3
40 536.6 522.0 320.6
50 520.1 457.3 273.5

IAA
Chlorella
vulgaris

0 430.4

/ / [70]
1 649.9

0.1 466.9
0.01 481.3

IAA Nannochloropsis
oculata

0 9.8

/ / [71]

0.1 13.9
0.25 15.3
0.5 21
0.75 11.8

1 11.9
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Table 1. Cont.

Phytohormone Specific
Phytohormone Species

Concentration of
Phytohormone

(ppm)

Cell Density
(106 Cells/mL)

Dry
Weight (mg/L)

Lipid
Accumulation

(mg/L)
References

ABA

ABA Chlorella sp.

0

/ /

447.1

[74]
0.5 690.2
1 601.3
10 880.1
20 330.5

ABA
Chlorella

saccharophila

0 11.8 157.2 80

[75]
1 14.1 154.8 82
4 14.3 162 87.2
10 14.8 150.4 85.6
20 14.9 160 91.6

CKs

Kinetin
Chlorella
vulgaris

0 430.4

/ / [70]1 667.0
0.1 608.9
0.01 601.9

Kinetin
Chlorella

protothecoides

0

/ /

506

[76]
0.5 543
1 592.7

1.5 520
2 582.3

Zeatin Nannochloropsis
oculata

0 9.8

/ / [71]

0.1 21
0.25 21.1
0.5 21.8
0.75 22.9

1 13.6

GAs

GA3
Chlorella
vulgaris

0 430.4

/ / [70]1 592.2
0.1 454.2
0.01 464.7

GA3
Chlorella

protothecoides

0

/ /

50.7

[76]
2.5 50.9
5 48.0
10 38.9
15 31.9

GA3
Nannochloropsis

oculata

0 9.8

/ / [71]

0.1 16.7
0.25 19.3
0.5 10.7
0.75 10.3

1 11.5

GA3
Chlorella
ellipsoidea

0 8.5 40.1 9.4

[67]

20 18.8 185.0 32
40 39.6 193.1 31.1
60 82.9 216.2 33.1
80 30.3 124.2 24.1

120 8.4 48.0 7.2

GA3
Microcystis
aeruginosa

0 56.5 0.66

/ [73]
0.001 71.7 0.72
0.1 91.5 0.77
10 101.6 0.98
25 111.7 0.98

Ethylene Ethephon Chlorella
vulgaris

0
/

2748.1
/ [63]50 2800

200 2886.42

3. Regulation of Phytohormones on Microalgae under Abiotic Stresses

The growth and carbon fixation of microalgae require suitable environmental condi-
tions, such as light intensity, CO2 supply, temperature, pH, and nutrients [20]. However,
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as large-scale microalgae cultivation is located outdoors, some environmental conditions
(light intensity, temperature) rely on the climate [30,77]. When the light intensity and
temperature are too high or too low in microalgae cultivation, the carbon fixation rate
of the microalgae suspension will be affected [78]. In addition, the concentration of CO2
(5–15%) in industrial gas is more than 100 times higher than that of the atmosphere. A
small amount of SOx (0.01–1%) and NOx (~1%) also exists in industrial gas [79,80]. There-
fore, the pH of the nutrient solution for microalgae cultivation will be reduced during the
accommodation of industrial gas, affecting the carbon fixation rate of the microalgae [81].
Moreover, some abiotic stresses are introduced in the cultivation of microalgae to promote
the accumulation of lipids, such as high light intensity, nitrogen stress, high temperature,
high salt concentration, heavy metal stress, and antioxidant stress [7,31]. In this regard,
providing phytohormones is a promising regulation for maintaining the carbon fixation
rate during the growth period and the lipid accumulation period, as shown in Table 2.

Table 2. Effect of phytohormones on the metabolites of microalgae under abiotic stresses.

Abiotic Stress Phytohormones Species Products Effects Refs.

ND (nitrogen
deprived)

ABA S. quadricauda

Biomass, lipid

“+“, “=” [82]

NAA and IBA
Scenedesmus SDEC-8 “+”, “+”

[83]C. sorokiniana SDEC-18 “+”, “+”
IAA

C. sorokiniana
“+”, “+”

[49]DAH “+”, “+”
K Acutodesmus obliquus “+”, “+”

[84]Z “+”, “+”
Z and IAA and GA Acutodesmus obliquus “+”, “+” [85]

HL intensity MT Monoraphidium sp. Biomass, lipid “=”, “+” [32]
DAH H. pluvialis “−”, “=” [86]

Heavy metals

Z

Chlorella vulgaris Number of cells,
carotenoid

“+”, “+”

[87]
K “+”, “+”

IAA “+”, “+”
GA “+”, “+”
JA “+”, “+”

K Nostoc muscorum Biomass,
carotenoid “+”, “+” [34]

Salt stress 2-4-D D. tertiolecta Lipid “+” [45]

+, increased; =, sustained; −, decreased.

3.1. Effect of Phytohormones on Microalgae under Nitrogen Stress

Although nitrogen stress accelerates the lipid accumulation of microalgae biomass, it
limits the biomass productivity and the carbon fixation rate [88]. Therefore, it is necessary to
regulate the rate of the microalgae biomass production by phytohormones under nitrogen
stress conditions. Babu et al. [49] adjusted the concentration of NH3NO3 in the culture
medium (BG11) to investigate the effects of nitrogen stress on the productivity of biomass
and lipids for C. Sorokiniana. In the range of nitrogen stress from 12.5% to 100%, IAA
(10−5 M) and DAH (10−9 M) were used to accelerate biomass production [49]. When the
concentration of NH3Cl in the culture medium was 50% of the BG11, the biomass produc-
tivity (201 mg·L−1·d−1) and lipid productivity (69 mg·L−1·d−1) regulated by IAA were
22% and 49% higher than that of the cultivation without IAA, respectively. In addition, the
biomass productivity (236 mg·L−1·d−1) and lipid productivity (86 mg·L−1·d−1) regulated
by DAH were 43% and 84% higher than that of the cultivation without DAH, respectively.
Sulochana and Arumugam [82] explored that ABA with a concentration of 2 µM prevented
the rapid reduction in microalgae biomass under nitrogen stress. The concentration of mi-
croalgae biomass regulated by ABA under nitrogen stress was 38 × 106 cell·mL−1, 1.4 times
higher than that without ABA. Yu et al. [83] revealed that the combination of IBA and NAA
was able to reduce nitrogen stress on the cultivation of Scenedesmus SDEC-8 and Chlorella
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sorokiniana SDEC-18. The production rates of lipids for the SDEC-8 and SDEC-18 were 26.7
and 25.9 mg·L−1·d−1, respectively. The results revealed that the damage of microalgae
cells caused by nitrogen depletion could be reduced by phytohormones. Renuka et al. [84]
demonstrated that the biomass productivity of Acutodesmus obliquus regulated by kinetin
(1 mg/L) and zeatin (0.1 mg/L) was promoted by 50% and 60.7% under nitrogen stress,
respectively. In addition, the lipid production of Acutodesmus obliquus regulated by
kinetin (1 mg/L) and zeatin (0.1 mg/L) was promoted by 64.95% and 63.06%, respectively.
Renuka et al. [85] proposed the optimal cultivation of Acutodesmus obliquus under nitro-
gen stress regulated by the phytohormone mix of zeatin (0.5 mg L−1), IAA (1.0 mg L−1),
and GA (5.0 mg L−1). The results revealed that the biomass yield and lipid yield were
promoted by 49.07% and 77.20%, respectively. In this situation, zeatin was found as the
most influential phytohormone on the acceleration of the biomass yield of Acutodesmus
obliquus under nitrogen stress.

3.2. Effect of Phytohormones on Microalgae under Other Stresses

The growth rate and CO2 fixation rate of microalgae are limited in environments with
a high light intensity. However, some specific phytohormones can reduce the limitation
of the CO2 fixation and biomass production of microalgae under light stress. Li et al. [32]
investigated the effect of melatonin on the accumulation of lipids, carbohydrates, and pro-
teins in Monoraphidium sp. QLY-1. The maximum lipid yield (49.6%) increased by 1.32 times
when regulated by melatonin under high light stress (30 µmol·m−2·s−1). Meanwhile, the
protein content decreased from 57.21% to 47.96%, while the carbohydrate content decreased
from 53.4% to 37.71%. The physiological analysis revealed that the enzyme activity for
accelerating lipid accumulation was induced by the combination of high light intensity
and melatonin. Ding et al. [86] proposed the strategy of combining DAH with high light
(150 µmol photons·m−2·s−1) to realize the high and efficient accumulation of astaxanthin.
When the concentration of DAH was 0.1 mM, the astaxanthin content (30.95 mg·g−1) was
2.01-fold higher than that of the control one (15.43 mg·g−1).

Heavy metals inhibit the growth, organic accumulation, and enzymatic and nonenzy-
matic antioxidant function of microalgae. However, the negative effects of heavy metals
on the growth and lipid accumulation of microalgae could be reduced by phytohormones.
Piotrowska-Niczyporuk et al. [87] indicated that auxin, cytokinin, gibberellin, jasmonic
acid, and polyamine—arginine could maintain the growth and metabolites of microalgae.
The results show that phytohormones were able to inhibit the absorption of heavy metals
by the microalgae, releasing the heavy metal stress. In addition, phytohormones have
antioxidant activity to protect the cells against reactive oxygen species under heavy metal
stress. Tiwari et al. [34] indicated that kinetin obviously reduces the effects of toxicity in-
duced by chromium on the growth of N. muscorum. In this situation, the accumulation of
chromium in the microalgae cells was reduced, significantly improving the photochemistry
of the photosynthetic pigments.

Salinity stress can promote the accumulation of lipids and reduce the biomass produc-
tivity of microalgae. Arroussi et al. [45] found that the lipid productivity of D. tertiolecta
under salinity stress (2 M NaCl) increased by 50% more than that without salinity stress.
On this basis, the combination of 2,4-D and NaCl with a concentration of 2 M promoted the
lipid yield of D. tertiolecta to 69.6%.

4. Multistage Regulation of Phytohormones on CO2 Fixation through Microalgae

During the cultivation process, the metabolism of microalgae is dependent on the
stages of cultivation which are mainly divided into the stage of carbon fixation in photosyn-
thesis and the stage of lipid accumulation [20,89,90]. It is necessary to provide a suitable
light intensity and CO2 and nutrient substances for each cultivation stage of the microalgae.

Multistage cultivation is beneficial to promote the carbon fixation and growth rate
of microalgae suspensions. Zhou et al. [89] cultivated Chlorella sp. NJ-18 in a 70 L photo-
bioreactor for 20 days using a semi-continuous cultivation method. As the concentration
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of the microalgae suspension was higher than 1 g·L−1, 30 L, the microalgae suspension
was replaced by fresh nutrient medium. In this situation, the light shading induced by the
microalgae suspension with a high concentration was reduced, leading to the growth rate of
the microalgae being kept at 0.09 g·L−1·d−1. Russo et al. [90] carried out a semi-continuous
culture of C. vulgaris. Microalgae suspensions were extracted in a volume ratio of 30%
every day, and the same volume of culture medium was replaced to maintain a growth rate
of 0.34 g·L−1·d−1 for 7 days.

In addition, multistage cultivation is beneficial to promoting the lipid productivity
of microalgae suspensions. Pedro et al. [91] carried out microalgae cultivation with two
stages: the first stage was with abundant nitrogen and then with scarce nitrogen, promoting
the carbon fixation rate and the accumulation rate of lipids. Mujtaba et al. [92] confirmed
that the lipid yield of microalgae could be promoted by multistage cultivation. During an
experiment, abundant nutrients were provided to cultivate the microalgae, and nitrogen
stress conditions were controlled. The lipid accumulation of Chlorella was 71.1 mg·L−1·d−1

under the two-stage cultivation, significantly higher than that under the single-stage
(31.5 mg·L−1·d−1). Ratha et al. [93] cultivated microalgae using nitrogen-rich medium
in the first 24 days and then using nitrogen-poor medium in the last 8 days. The results
revealed that the lipid yield of the two-stage mode was 40–50% higher than that of the
one-stage mode. Yang et al. [94] investigated the biomass yield and lipid yield at different
concentrations of NaCl (0, 20, 40, and 60 g/L) in the logarithmic phase of microalgae. The
lipid yield of microalgae under salt stress (20 g/L) was 10% higher than that without salt
stress. Arroussi et al. [45] regulated the cell division and growth of D. tertiolecta at the
first stage. Then, NaCl was added into the microalgae suspension to create a salt stress
condition at the late logarithmic growth stage. The results revealed that the accumulation
of microalgae biomass increased by 40% in the first stage, and the salt stress at the second
stage increased the accumulation of lipids from 24% to 70%.

In general, the establishment of a multistage cultivation system of microalgae is
beneficial for meeting the requirements of microalgae for CO2 fixation and lipid accumula-
tion. However, literature on the regulation of microalgae cultivation with multiple stages
by phytohormones is lacking. Therefore, it is urgent to propose regulating strategies of
phytohormones for microalgae cultivation with multiple stages.

5. Photobioreactors for CO2 Fixation through Microalgae
5.1. CO2 Transfer Reinforcement in Photobioreactors

The CO2 transfer from bubbles to microalgae suspensions in photobioreactors plays
an important role in the photosynthetic carbon fixation of microalgae [20,36]. The CO2
transfer performance in photobioreactors is largely dependent on the CO2 bubble size,
retention time of CO2 bubbles, and flow field. Recently, several researchers optimized
the structure of photobioreactors to optimize the flow field, promoting the mass transfer
of CO2. Rahman et al. [95] proposed a rectangular bubble column photobioreactor with
horizontal baffles. The baffles placed in staggered layers reduced the bubble size and
velocity of the CO2 bubbles while homogenizing the distribution of the CO2 bubbles. The
results show that the Synechococcus HS-9 growth was 2.17 times higher in the photo-
bioreactor with the baffles than in the photobioreactor without the baffles. Xia et al. [96]
designed a flat-plate photobioreactor with perforated inverted arc trough (PIAT) internals
for enhancing the CO2 fixation from industrial gas in the microalgae suspension. The PIAT
internals promoted the CO2 gas–liquid contact time and generated periodic aeration in
the microalgae suspension. When 15% CO2 (v/v) was aerated at a rate of 15 mL·min−1,
the dissolved CO2 concentration and the CO2 fixation rate in the microalgae suspension
were improved by 26.0% and 26.2% (36.6 mg·L−1·h−1) in the photobioreactor with PIAT
internals, respectively. Yaqoubnejad et al. [97] developed a novel hexagonal airlift flat-plate
(HAFP) photobioreactor for the improvement of microalgae growth that simultaneously
enhanced CO2 biofixation. Compared to traditional flat-plate (TFP) photobioreactor, mi-
croalgae cultivated in the HAFP photobioreactor showed a drastic improvement in growth
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and CO2 biofixation. For instance, the maximum CO2 biofixation was 0.85 g·L−1·d−1 in
the HAFP photobioreactor which was 70% higher than that in the TFP photobioreactor.
To enhance CO2 transfer and microalgal biomass yield, Cui et al. [19] proposed a tangent
double-tube photobioreactor (TDTP) and a concentric double-tube photobioreactor (CDTP)
on the basis of the traditional tube photobioreactor (TTP). A 10-day cultivation experiment
showed that the maximum CO2 fixation rate of microalgae in TDTP was 0.8 g·L−1·d−1,
which was 33.3% and 293% more than that in CDTP and TTP. Meanwhile, the microalgae
biomass yield in TDTP (2.81 g/L) was 51.2% and 124.8% more than that in CDTP and TTP.

CO2 bubble generators influence the initial bubble size and the dispersity of CO2
bubble clusters which are regarded as key components affecting the mass transfer of CO2
in photobioreactors. Cheng et al. [98] developed a three-stage shear-serrated aerator (TSA)
which is able to break CO2 bubbles. TSAs were installed in the raceway reactor, resulting
in an increased mass transfer coefficient (by 25.5%) and microalgal biomass yield (46.8%).
Wu et al. [99] proposed a microbubble-driven photobioreactor to optimize the growth of
Haematococcus pluvialis and CO2 biofixation through minimizing the CO2 bubble size. The
results show that the algal biomass yield increased by five times.

5.2. Light Transfer Reinforcement in Photo-Bioreactor

Light intensity is recognized as an important parameter during microalgae cultivation
for CO2 fixation, biomass yield, and lipid productivity in photobioreactors [30]. It is
necessary to provide a sufficient light intensity for microalgae cultivation. However, the
microalgae cells suspended in the microalgal suspension carry out light absorption and light
scattering. In this situation, the light intensity appears as an exponential attenuation along
with the light path within the microalgae cultivation, causing a nonuniform distribution of
light intensity in the microalgae suspension which obeys the Lambert–Beer law [100]:

I = I0 · exp[−(kbCb + kw)l] (2)

where I is the located light intensity, I0 is the incident light intensity of the photobioreactor,
kb is the optical attenuation coefficient induced by the microalgae cells, kw is the optical
attenuation coefficient induced by the culture medium [101], Cb is the concentration of
microalgae cells, and l is the length away from the incident light point.

The nonuniform distribution of light intensity is not beneficial to microalgae cultiva-
tion. In this regard, several light transfer reinforcements are carried out in photobioreactors.
Sun et al. [102] inserted a light guide plate (LGP) with light scattering nanoparticles into a
flat-plate photobioreactor. The light distribution coefficient (1.95 kg·m−3) was increased
by 7.22 times more than that in the flat-plate photobioreactor without LGP, while the
concentration of microalgae cells (3.05 g·L−1) was 220% higher than that in the flat-plate
photobioreactor without LGP. On this basis, Sun et al. [30] proposed light feeding strategies
based on the growth phase of microalgae in the flat-plate photobioreactor with LGP. A
low light intensity (0–1 d), medium light intensity (1–4 d), and high light intensity (4–6 d)
were supplied based on the growth rate and lipid content of Chlorella vulgaris FACHB-
31. The maximum biomass concentration and lipid productivity were 5.32 g·L−1 and
312.92 mg·L−1·d−1. In addition, LGP was introduced into a lab-scale open-raceway pond
for the cultivation of Nannochloropsis oculate [103]. The biomass yield (2.31 g·L−1) and
lipid yield (1258.65 mg·L−1) increased by 193.33% and 443.71% compared with that in the
open raceway pond without LGP.

The light/dark cycle is another key factor affecting the growth of microalgae.
Liao et al. [104] proposed a tubular photobioreactor with periodic light and dark regions
along the flow direction of the microalgae suspensions. The CO2 fixation rate and growth
rate could increase by 22%. Ye et al. [105] optimized light/dark cycle 900 L tangential
spiral-flow column photobioreactors (TSCP) to promote the CO2 fixation of Arthrospira sp.
cells. The light distribution and light/dark cycle of the microalgae cells were calculated by a
solar irradiation model. The biomass yield (1.705 g/L) and CO2 fixation rate (0.655 g/L/d)
were 45% and 59% more than in ordinary column photobioreactors. Chen and Su [106]
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revealed that the maximum CO2 fixation rate of Haematococcus lacustris was obtained at
an L/D of 1:5 with a light intensity of 50, 110, and 220 µE·m−2·s−1. Under high light
intensities, Liu et al. [107] indicated that 2/2 h light/dark cycle treatment led to the highest
specific growth rate of Haematococcus lacustrist at a light intensity of 18 µmol·m−2·s−1.

5.3. Prediction and Optimization through the CFD Model

Based on the mass transfer of CO2 bubbles, light transmission, and the light/dark cycle
in photobioreactors, several computational fluid dynamic (CFD) models were constructed
to predict and optimize the CO2 fixation rate, growth rate, and lipid productivity of
photobioreactors [108–115].

Raceway ponds are a typical photobioreactor for microalgal biomass production and
CO2 fixation on a large scale [116]. Recently, several CFD models have been established to
simulate the flow field, light/dark circle, and light distribution of microalgae suspensions
in raceway ponds, providing guidance for the optimization of CO2 fixation efficiency.
Zhang et al. [108] designed an airfoil baffle and guide plate for raceway ponds. According
to the results of CFD simulations, the volume of microalgae suspensions with a low
velocity decreased by 60%, while the growth rate of microalgae biomass increased by 30%.
Cheng et al. proposed a raceway pond with upward guide plates and downward guide
plates. The plates induce the vortex flow [109] of the microalgae suspension in raceway
ponds, promoting liquid mixing and gas–liquid mass transfer velocity. Chen et al. [110]
installed spiral spoilers in the bottom of the raceway pond. The mixing time was reduced
by 41%, and the gas–liquid mass transfer coefficient increased by 38%. Guo et al. [111]
established a CFD model combined with a DO radiation model to simulate the flow field
and microalgae biomass yield of a raceway pond with disturbed flow cones. The CO2
fixation rate of the microalgae suspension increased by 40% in the novel raceway pond
compared with that of traditional raceway ponds.

Enclosed photobioreactors are used for microalgae cultivation with efficient CO2
fixation and high-value added biomass production. They mainly consist of flat-plate
photobioreactors, air-lift reactors, column reactors, and horizontal tube reactors [112]. For
instance, Ye et al. [113] proposed a CFD model and a miniature Doppler velocimeter
(MDV) to simulate the spiral flow pattern, mixing time, mass transfer coefficient, and
bubble diameter. The maximum CO2 fixation rate in TSCP (1.12 g·L−1·d−1) increased by
53%. Shen et al. [114] carried out a CFD model to optimize the flow field structure and
enhance the cells’ light/dark cycle. In the parallel spiral-flow column photobioreactor, the
light/dark cycle frequency increased by 33.3%, while the biomass yield and CO2 fixation
rate of Spirulina sp. increased by 81.5% and 100.5%, respectively. Moreover, a bionic fractal
structure was designed to optimize the photobioreactor efficiency. Then, a CFD model
was established to investigate the hydrodynamic characteristics of the microbubbles and
large bubbles in the tree-like photobioreactor [115]. The results reveal that the tree-like
photobioreactor has an outstanding capacity to optimize the CO2 fixation and biomass
productivity for microalgae cultivation.

In general, studies mainly focus on the mass transfer enhancement of CO2 and the
optimization of light conditions to promote the CO2 fixation efficiency of microalgae
suspensions in photobioreactors. However, the CO2 fixation performance of microalgae
suspensions in photobioreactors under the regulation of phytohormones deserves to be
further explored to contribute to the establishment of industrial photobioreactors for
CO2 fixation.

6. Prospective

The regulation of phytohormones is beneficial to maintain the stability of large-scale
microalgae cultivation for CO2 fixation from industrial gas. However, the species of
phytohormones are specific to the growth of algal strains and carbon sequestration of
microalgae suspensions [25,26]. In addition to the utilization of single phytohormones, the
coupling of abiotic stresses with two or more phytohormones can also be used to promote
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the productivity of microalgae biomass and lipids [27]. To guarantee the carbon sink at a
high intensity, the kinetics of microalgae growth, CO2 fixation rate, and lipid production
are requested to be established. Moreover, it is urgent to propose a synergistic regulation of
multiple phytohormones and environmental factors on the photosynthetic carbon fixation
of specific algae species.

The optimal requirements of microalgae for the culture conditions (light, CO2, and
nutrients) are dependent on the various growth stages. In the adaptation period of mi-
croalgae growth, a low concentration of nutrients and a low light intensity can significantly
reduce the cell growth and improve the productivity of the microalgae biomass [29]. In the
exponential growth stage, the growth rate and photosynthetic CO2 fixation rate increase
with an increase in light intensity [30]. In this situation, the addition of phytohormones
can promote the CO2 fixation rate. In the stable period, abiotic stresses such as nitrogen
stress can reduce the growth rate and promote the lipid productivity of the microalgae.
In this situation, the addition of phytohormones can promote the CO2 fixation rate while
maintaining the lipid production rate. Therefore, it is crucial to establish a control strategy
for various factors in cultivation processes based on the growth stage of microalgae, such
as light, CO2, nutrients, and phytohormones. Particularly, continuous photobioreactors
enable the cultivation processes to be regulated conveniently [91]. Nowadays, continu-
ous photobioreactors for the photosynthetic carbon sequestration and lipid production of
microalgae regulated by phytohormones in multiple stages deserves to be developed.

The transportation of CO2, light, and nutrients in photobioreactors is crucial to the
photosynthetic CO2 fixation and growth of microalgae. During microalgae cultivation reg-
ulated by phytohormones, it is crucial to keep the micro-concentration of phytohormones
in a suitable range. However, the micro-concentration of phytohormones is difficult to
regulate in large-scale photobioreactors. Therefore, it is necessary to redesign the structure
of photobioreactors and to optimize the effects of phytohormones coordinated with the
growth kinetics and the CO2 fixation rate of microalgae suspensions. On the basis of the
reinforcement of light transfer and CO2 transfer, guide plates and static mixers can be
added in the photobioreactors for the enhancement of phytohormone transfer. In addition,
the feed type of the nutrients and phytohormones, such as continuous feeding and batch
feeding, should be obedient to the synergistic effect of phytohormones and abiotic stresses
on the multistage microalgae cultivation.

7. Conclusions

Phytohormones with a low concentration (10−8–10−5 mol·L−1) can obviously promote
the growth rate and the lipid productivity of microalgae, contributing to the CO2 fixation of
industrial gas. IAA and ABA are the most effective phytohormones to improve the biomass
production and lipid production of microalgae, respectively. The effects of phytohormones
on microalgae cultivation are specific to the algal strain. Chlorella appears to be the most con-
venient for cultivation regulated by phytohormones. The combination of phytohormones
and nitrogen stress can significantly increase the accumulation of lipids while maintaining
the CO2 fixation rate. Multistage systems for microalgae cultivation have the potential to
optimize the regulating strategy of phytohormones and abiotic stresses on the CO2 fixation
and lipid accumulation of microalgae. The reinforcement of light and mass transfer in
photobioreactors is crucial to guarantee the effects of regulation by phytohormones on the
CO2 fixation and lipid accumulation of microalgae.

Author Contributions: Writing—original draft preparation, H.C.; writing—review and editing, Y.J.;
project administration, H.C.; resources, K.Z.; validation, J.Y.; writing—review and editing, Y.F.;
conceptualization, S.W.; supervision, S.W. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was funded by the National Natural Science Foundation of China (52106091,
52176189).

Data Availability Statement: Not applicable.



Energies 2023, 16, 897 13 of 17

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Barati, B.; Zeng, K.; Baeyens, J.; Wang, S.; Addy, M.; Gan, S.-Y.; El-Fatah Abomohra, A. Recent progress in genetically modified

microalgae for enhanced carbon dioxide sequestration. Biomass Bioenergy 2021, 145, 105927. [CrossRef]
2. Burlacot, A.; Dao, O.; Auroy, P.; Cuine, S.; Li-Beisson, Y.; Peltier, G. Alternative photosynthesis pathways drive the algal

CO2-concentrating mechanism. Nature 2022, 605, 366–371. [CrossRef] [PubMed]
3. Phukan, M.M.; Chutia, R.S.; Konwar, B.K.; Kataki, R. Microalgae Chlorella as a potential bio-energy feedstock. Appl. Energy 2011,

88, 3307–3312. [CrossRef]
4. Giostri, A.; Binotti, M.; Macchi, E. Microalgae cofiring in coal power plants: Innovative system layout and energy analysis. Renew.

Energy 2016, 95, 449–464. [CrossRef]
5. Song, C.; Liu, Q.; Qi, Y.; Chen, G.; Song, Y.; Kansha, Y.; Kitamura, Y. Absorption-microalgae hybrid CO2 capture and biotransfor-

mation strategy—A review. Int. J. Greenh. Gas Control 2019, 88, 109–117. [CrossRef]
6. 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]
7. Stirk, W.A.; van Staden, J. Potential of phytohormones as a strategy to improve microalgae productivity for biotechnological

applications. Biotechnol. Adv. 2020, 44, 107612. [CrossRef]
8. Wang, S.; Mukhambet, Y.; Esakkimuthu, S.; Abomohra, A.E.L.F. Integrated microalgal biorefinery–Routes, energy, economic and

environmental perspectives. J. Clean. Prod. 2022, 348, 131245. [CrossRef]
9. Kadam, K.L. Power plant flue gas as a source of CO2 for microalgae cultivation: Economic impact of different process options.

Energy Convers. Manag. 1997, 38, S505–S510. [CrossRef]
10. Wei, M.; Marrakchi, F.; Yuan, C.; Cheng, X.; Jiang, D.; Zafar, F.F.; Fu, Y.; Wang, S. Adsorption modeling, thermodynamics, and

DFT simulation of tetracycline onto mesoporous and high-surface-area NaOH-activated macroalgae carbon. J. Hazard. Mater.
2022, 425, 127887. [CrossRef]

11. Cao, B.; Jiang, D.; Zheng, Y.; Rupani, P.F.; Yuan, C.; Hu, Y.; Chen, H.; Li, C.; Hu, X.; Wang, S.; et al. Evaluation of biochar-derived
carbocatalysts for pyrolytic conversion of sawdust: Life cycle assessment towards monophenol production. Fuel 2022, 330, 125476.
[CrossRef]

12. Barsanti, L.; Gualtieri, P. Is exploitation of microalgae economically and energetically sustainable? Algal Res. 2018, 31, 107–115.
[CrossRef]

13. Bernaerts, T.M.M.; Gheysen, L.; Kyomugasho, C.; Jamsazzadeh Kermani, Z.; Vandionant, S.; Foubert, I.; Hendrickx, M.E.; Van
Loey, A.M. Comparison of microalgal biomasses as functional food ingredients: Focus on the composition of cell wall related
polysaccharides. Algal Res. 2018, 32, 150–161. [CrossRef]

14. Seyed Hosseini, N.; Shang, H.; Scott, J.A. Biosequestration of industrial off-gas CO2 for enhanced lipid productivity in open
microalgae cultivation systems. Renew. Sustain. Energy Rev. 2018, 92, 458–469. [CrossRef]

15. Yan, Z.; Shen, T.; Li, W.; Cheng, W.; Wang, X.; Zhu, M.; Yu, Q.; Xiao, Y.; Yu, L. Contribution of microalgae to carbon sequestration
in a natural karst wetland aquatic ecosystem: An in-situ mesocosm study. Sci. Total Environ. 2021, 768, 144387. [CrossRef]

16. Zhao, S.; Ding, Y.-D.; Chen, R.; Liao, Q.; Zhu, X. Dynamic behaviors of CO2 bubbles coalescing at two parallel capillary. Int. J.
Heat Mass Transf. 2015, 90, 1001–1008. [CrossRef]

17. Kao, C.-Y.; Chen, T.-Y.; Chang, Y.-B.; Chiu, T.-W.; Lin, H.-Y.; Chen, C.-D.; Chang, J.-S.; Lin, C.-S. Utilization of carbon dioxide in
industrial flue gases for the cultivation of microalga Chlorella sp. Bioresour. Technol. 2014, 166, 485–493. [CrossRef]

18. Guo, Y.; Yuan, Z.; Xu, J.; Wang, Z.; Yuan, T.; Zhou, W.; Xu, J.; Liang, C.; Xu, H.; Liu, S. Metabolic acclimation mechanism in
microalgae developed for CO2 capture from industrial flue gas. Algal Res. 2017, 26, 225–233. [CrossRef]

19. Cui, X.; Yang, J.; Cui, M.; Zhang, W.; Zhao, J. Comparative experiments of two novel tubular photobioreactors with an inner
aerated tube for microalgal cultivation: Enhanced mass transfer and improved biomass yield. Algal Res. 2021, 58, 102364.
[CrossRef]

20. Fu, J.; Huang, Y.; Liao, Q.; Xia, A.; Fu, Q.; Zhu, X. Photo-bioreactor design for microalgae: A review from the aspect of CO2
transfer and conversion. Bioresour. Technol. 2019, 292, 121947. [CrossRef]

21. Voss, U.; Bishopp, A.; Farcot, E.; Bennett, M.J. Modelling hormonal response and development. Trends Plant Sci. 2014, 19, 311–319.
[CrossRef] [PubMed]

22. Lu, Y.; Xu, J. Phytohormones in microalgae: A new opportunity for microalgal biotechnology? Trends Plant Sci. 2015, 20, 273–282.
[CrossRef] [PubMed]

23. Liu, T.; Luo, F.; Wang, Z.; Li, Y. The enhanced biomass and lipid accumulation in Coccomyxa subellipsoidea with an integrated
treatment strategy initiated by brewery effluent and phytohormones. World J. Microbiol. Biotechnol. 2018, 34, 25. [CrossRef]
[PubMed]

24. Song, X.; Liu, B.-F.; Kong, F.; Ren, N.-Q.; Ren, H.-Y. Overview on stress-induced strategies for enhanced microalgae lipid
production: Application, mechanisms and challenges. Resour. Conserv. Recycl. 2022, 183, 106355. [CrossRef]

25. Salama, E.-S.; Jeon, B.-H.; Chang, S.W.; Lee, S.-H.; Roh, H.-S.; Yang, I.-S.; Kurade, M.B.; El-Dalatony, M.M.; Kim, D.-H.; Kim,
K.-H.; et al. Interactive effect of indole-3-acetic acid and diethyl aminoethyl hexanoate on the growth and fatty acid content of
some microalgae for biodiesel production. J. Clean. Prod. 2017, 168, 1017–1024. [CrossRef]

http://doi.org/10.1016/j.biombioe.2020.105927
http://doi.org/10.1038/s41586-022-04662-9
http://www.ncbi.nlm.nih.gov/pubmed/35477755
http://doi.org/10.1016/j.apenergy.2010.11.026
http://doi.org/10.1016/j.renene.2016.04.033
http://doi.org/10.1016/j.ijggc.2019.06.002
http://doi.org/10.1016/j.rser.2017.03.065
http://doi.org/10.1016/j.biotechadv.2020.107612
http://doi.org/10.1016/j.jclepro.2022.131245
http://doi.org/10.1016/S0196-8904(96)00318-4
http://doi.org/10.1016/j.jhazmat.2021.127887
http://doi.org/10.1016/j.fuel.2022.125476
http://doi.org/10.1016/j.algal.2018.02.001
http://doi.org/10.1016/j.algal.2018.03.017
http://doi.org/10.1016/j.rser.2018.04.086
http://doi.org/10.1016/j.scitotenv.2020.144387
http://doi.org/10.1016/j.ijheatmasstransfer.2015.07.047
http://doi.org/10.1016/j.biortech.2014.05.094
http://doi.org/10.1016/j.algal.2017.07.029
http://doi.org/10.1016/j.algal.2021.102364
http://doi.org/10.1016/j.biortech.2019.121947
http://doi.org/10.1016/j.tplants.2014.02.004
http://www.ncbi.nlm.nih.gov/pubmed/24630843
http://doi.org/10.1016/j.tplants.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25697753
http://doi.org/10.1007/s11274-018-2408-9
http://www.ncbi.nlm.nih.gov/pubmed/29330693
http://doi.org/10.1016/j.resconrec.2022.106355
http://doi.org/10.1016/j.jclepro.2017.09.057


Energies 2023, 16, 897 14 of 17

26. Salama, E.S.; Kabra, A.N.; Ji, M.K.; Kim, J.R.; Min, B.; Jeon, B.H. Enhancement of microalgae growth and fatty acid content under
the influence of phytohormones. Bioresour. Technol 2014, 172, 97–103. [CrossRef]

27. Yu, Z.; Pei, H.; Jiang, L.; Hou, Q.; Nie, C.; Zhang, L. Phytohormone addition coupled with nitrogen depletion almost tripled the
lipid productivities in two algae. Bioresour. Technol. 2018, 247, 904–914. [CrossRef]

28. Sanaye Mozaffari Sabet, N.; Golzary, A. CO2 biofixation at microalgae photobioreactors: Hydrodynamics and mass transfer study.
Int. J. Environ. Sci. Technol. 2022, 19, 11631–11648. [CrossRef]

29. Liao, Q.; Chang, H.-X.; Fu, Q.; Huang, Y.; Xia, A.; Zhu, X.; Zhong, N. Physiological-phased kinetic characteristics of microalgae
Chlorella vulgaris growth and lipid synthesis considering synergistic effects of light, carbon and nutrients. Bioresour. Technol.
2018, 250, 583–590. [CrossRef]

30. Sun, Y.; Liao, Q.; Huang, Y.; Xia, A.; Fu, Q.; Zhu, X.; Fu, J.; Li, J. Application of growth-phase based light-feeding strategies to
simultaneously enhance Chlorella vulgaris growth and lipid accumulation. Bioresour. Technol. 2018, 256, 421–430. [CrossRef]

31. Zhao, Y.; Wang, H.P.; Han, B.; Yu, X. Coupling of abiotic stresses and phytohormones for the production of lipids and high-value
by-products by microalgae: A review. Bioresour. Technol. 2019, 274, 549–556. [CrossRef] [PubMed]

32. Li, D.; Zhao, Y.; Ding, W.; Zhao, P.; Xu, J.W.; Li, T.; Ma, H.; Yu, X. A strategy for promoting lipid production in green microalgae
Monoraphidium sp. QLY-1 by combined melatonin and photoinduction. Bioresour. Technol. 2017, 235, 104–112. [CrossRef] [PubMed]

33. Zhao, Y.; Li, D.; Xu, J.W.; Zhao, P.; Li, T.; Ma, H.; Yu, X. Melatonin enhances lipid production in Monoraphidium sp. QLY-1 under
nitrogen deficiency conditions via a multi-level mechanism. Bioresour. Technol. 2018, 259, 46–53. [CrossRef] [PubMed]

34. Tiwari, S.; Patel, A.; Prasad, S.M. Kinetin alleviates chromium toxicity on growth and PS II photochemistry in Nostoc muscorum
by regulating antioxidant system. Ecotoxicol. Environ. Saf. 2018, 161, 296–304. [CrossRef]

35. Lakshmikandan, M.; Murugesan, A.G.; Wang, S.; Abomohra, A.E.-F.; Jovita, P.A.; Kiruthiga, S. Sustainable biomass production
under CO2 conditions and effective wet microalgae lipid extraction for biodiesel production. J. Clean. Prod. 2020, 247, 119398.
[CrossRef]

36. Pires, J.C.M.; Alvim-Ferraz, M.C.M.; Martins, F.G. Photobioreactor design for microalgae production through computational fluid
dynamics: A review. Renew. Sustain. Energy Rev. 2017, 79, 248–254. [CrossRef]

37. Ye, Y.; Ma, S.; Peng, H.; Huang, Y.; Zeng, W.; Xia, A.; Zhu, X.; Liao, Q. Insight into the comprehensive effect of carbon dioxide,
light intensity and glucose on heterotrophic-assisted phototrophic microalgae biofilm growth: A multifactorial kinetic model.
J. Environ. Manag. 2023, 325, 116582. [CrossRef]

38. Peter, A.P.; Koyande, A.K.; Chew, K.W.; Ho, S.-H.; Chen, W.-H.; Chang, J.-S.; Krishnamoorthy, R.; Banat, F.; Show, P.L. Continuous
cultivation of microalgae in photobioreactors as a source of renewable energy: Current status and future challenges. Renew.
Sustain. Energy Rev. 2022, 154, 111852. [CrossRef]

39. Khoo, C.G.; Lam, M.K.; Lee, K.T. Pilot-scale semi-continuous cultivation of microalgae Chlorella vulgaris in bubble column
photobioreactor (BC-PBR): Hydrodynamics and gas–liquid mass transfer study. Algal Res. 2016, 15, 65–76. [CrossRef]

40. Yu, J.; You, X.; Wang, Y.; Jin, C.; Zhao, Y.; Guo, L. Focus on the role of synthetic phytohormone for mixotrophic growth and lipid
accumulation by Chlorella pyrenoidosa. Chemosphere 2022, 308, 136558. [CrossRef]

41. Bajguz, A.; Piotrowska-Niczyporuk, A. Interactive effect of brassinosteroids and cytokinins on growth, chlorophyll, monosac-
charide and protein content in the green alga Chlorella vulgaris (Trebouxiophyceae). Plant Physiol. Biochem. 2014, 80, 176–183.
[CrossRef] [PubMed]

42. Casson, S.A.; Chilley, P.M.; Topping, J.F.; Evans, I.M.; Souter, M.A.; Lindsey, K. The POLARIS gene of Arabidopsis encodes
a predicted peptide required for correct root growth and leaf vascular patterning. Plant Cell 2002, 14, 1705–1721. [CrossRef]
[PubMed]

43. Nordstrom, A.; Tarkowski, P.; Tarkowska, D.; Norbaek, R.; Astot, C.; Dolezal, K.; Sandberg, G. Auxin regulation of cytokinin
biosynthesis in Arabidopsis thaliana: A factor of potential importance for auxin-cytokinin-regulated development. Proc. Natl.
Acad. Sci. USA 2004, 101, 8039–8044. [CrossRef] [PubMed]

44. Salvi, P.; Manna, M.; Kaur, H.; Thakur, T.; Gandass, N.; Bhatt, D.; Muthamilarasan, M. Phytohormone signaling and crosstalk in
regulating drought stress response in plants. Plant Cell Rep. 2021, 40, 1305–1329. [CrossRef] [PubMed]

45. El Arroussi, H.; Benhima, R.; Bennis, I.; El Mernissi, N.; Wahby, I. Improvement of the potential of Dunaliella tertiolecta as a
source of biodiesel by auxin treatment coupled to salt stress. Renew. Energy 2015, 77, 15–19. [CrossRef]

46. Han, X.; Zeng, H.; Bartocci, P.; Fantozzi, F.; Yan, Y. Phytohormones and Effects on Growth and Metabolites of Microalgae: A
Review. Fermentation 2018, 4, 25. [CrossRef]

47. Revelou, P.-K.; Constantinou-Kokotou, V. Preparation of synthetic auxin-amino acid conjugates. Synth. Commun. 2019, 49,
1708–1712. [CrossRef]

48. Guldhe, A.; Renuka, N.; Singh, P.; Bux, F. Effect of phytohormones from different classes on gene expression of Chlorella
sorokiniana under nitrogen limitation for enhanced biomass and lipid production. Algal Res. 2019, 40, 101518. [CrossRef]

49. Giridhar Babu, A.; Wu, X.; Kabra, A.N.; Kim, D.-P. Cultivation of an indigenous Chlorella sorokiniana with phytohormones for
biomass and lipid production under N-limitation. Algal Res. 2017, 23, 178–185. [CrossRef]

50. Cortleven, A.; Schmulling, T. Regulation of chloroplast development and function by cytokinin. J. Exp. Bot. 2015, 66, 4999–5013.
[CrossRef]

51. Akhtar, S.S.; Mekureyaw, M.F.; Pandey, C.; Roitsch, T. Role of Cytokinins for Interactions of Plants with Microbial Pathogens and
Pest Insects. Front. Plant Sci. 2019, 10, 1777. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biortech.2014.09.002
http://doi.org/10.1016/j.biortech.2017.09.192
http://doi.org/10.1007/s13762-022-04286-6
http://doi.org/10.1016/j.biortech.2017.11.086
http://doi.org/10.1016/j.biortech.2018.02.045
http://doi.org/10.1016/j.biortech.2018.12.030
http://www.ncbi.nlm.nih.gov/pubmed/30558833
http://doi.org/10.1016/j.biortech.2017.03.114
http://www.ncbi.nlm.nih.gov/pubmed/28365337
http://doi.org/10.1016/j.biortech.2018.03.014
http://www.ncbi.nlm.nih.gov/pubmed/29536873
http://doi.org/10.1016/j.ecoenv.2018.05.052
http://doi.org/10.1016/j.jclepro.2019.119398
http://doi.org/10.1016/j.rser.2017.05.064
http://doi.org/10.1016/j.jenvman.2022.116582
http://doi.org/10.1016/j.rser.2021.111852
http://doi.org/10.1016/j.algal.2016.02.001
http://doi.org/10.1016/j.chemosphere.2022.136558
http://doi.org/10.1016/j.plaphy.2014.04.009
http://www.ncbi.nlm.nih.gov/pubmed/24787502
http://doi.org/10.1105/tpc.002618
http://www.ncbi.nlm.nih.gov/pubmed/12172017
http://doi.org/10.1073/pnas.0402504101
http://www.ncbi.nlm.nih.gov/pubmed/15146070
http://doi.org/10.1007/s00299-021-02683-8
http://www.ncbi.nlm.nih.gov/pubmed/33751168
http://doi.org/10.1016/j.renene.2014.12.010
http://doi.org/10.3390/fermentation4020025
http://doi.org/10.1080/00397911.2019.1605446
http://doi.org/10.1016/j.algal.2019.101518
http://doi.org/10.1016/j.algal.2017.02.004
http://doi.org/10.1093/jxb/erv132
http://doi.org/10.3389/fpls.2019.01777
http://www.ncbi.nlm.nih.gov/pubmed/32140160


Energies 2023, 16, 897 15 of 17

52. Piotrowska, A.; Czerpak, R. Cellular response of light/dark-grown green alga Chlorella vulgaris Beijerinck (Chlorophyceae) to
exogenous adenine- and phenylurea-type cytokinins. Acta Physiol. Plantarum 2009, 31, 573–585. [CrossRef]

53. Gan, S.; Amasino, R.M. Inhibition of leaf senescence by autoregulated production of cytokinin. Science 1995, 270, 1986–1988.
[CrossRef] [PubMed]

54. Romanenko, K.O.; Kosakovskaya, I.V.; Romanenko, P.O. Phytohormones of microalgae biological role and involvement. Int. J.
Algae 2016, 18, 179–201. [CrossRef]

55. Mansouri, H.; Soltani Nezhad, F. Changes in growth and biochemical parameters in Dunaliella salina (Dunaliellaceae) in response
to auxin and gibberellin under colchicine-induced polyploidy. J. Phycol. 2021, 57, 1284–1294. [CrossRef]

56. Hedden, P. The Current Status of Research on Gibberellin Biosynthesis. Plant Cell Physiol. 2020, 61, 1832–1849. [CrossRef]
57. Pal, M.; Tajti, J.; Szalai, G.; Peeva, V.; Vegh, B.; Janda, T. Interaction of polyamines, abscisic acid and proline under osmotic stress

in the leaves of wheat plants. Sci. Rep. 2018, 8, 12839. [CrossRef]
58. Laloum, T.; Martin, G.; Duque, P. Alternative Splicing Control of Abiotic Stress Responses. Trends Plant Sci. 2018, 23, 140–150.

[CrossRef]
59. Suzuki, N.; Bassil, E.; Hamilton, J.S.; Inupakutika, M.A.; Zandalinas, S.I.; Tripathy, D.; Luo, Y.; Dion, E.; Fukui, G.; Kumazaki, A.;

et al. ABA Is Required for Plant Acclimation to a Combination of Salt and Heat Stress. PLoS ONE 2016, 11, e0147625. [CrossRef]
60. Li, S.; Li, X.; Wei, Z.; Liu, F. ABA-mediated modulation of elevated CO(2) on stomatal response to drought. Curr. Opin. Plant Biol.

2020, 56, 174–180. [CrossRef]
61. Pierik, R.; Tholen, D.; Poorter, H.; Visser, E.J.; Voesenek, L.A. The Janus face of ethylene: Growth inhibition and stimulation.

Trends Plant Sci. 2006, 11, 176–183. [CrossRef] [PubMed]
62. Wang, K.L.; Li, H.; Ecker, J.R. Ethylene biosynthesis and signaling networks. Plant Cell 2002, 14 (Suppl. 1), S131–S151. [CrossRef]

[PubMed]
63. Kim, S.H.; Lim, S.R.; Hong, S.J.; Cho, B.K.; Lee, H.; Lee, C.G.; Choi, H.K. Effect of Ethephon as an Ethylene-Releasing Compound

on the Metabolic Profile of Chlorella vulgaris. J. Agric. Food. Chem. 2016, 64, 4807–4816. [CrossRef] [PubMed]
64. Zhao, P.; Lin, Z.; Wang, Y.; Chai, H.; Li, Y.; He, L.; Zhou, J. Facilitating effects of plant hormones on biomass production and

nutrients removal by Tetraselmis cordiformis for advanced sewage treatment and its mechanism. Sci. Total Environ. 2019, 693, 133650.
[CrossRef]

65. Talarek-Karwel, M.; Bajguz, A.; Piotrowska-Niczyporuk, A.; Rajewska, I. The effect of 24-epibrassinolide on the green alga
Acutodesmus obliquus (Chlorophyceae). Plant Physiol. Biochem. 2018, 124, 175–183. [CrossRef]

66. Fu, L.; Li, Q.; Chen, C.; Zhang, Y.; Liu, Y.; Xu, L.; Zhou, Y.; Li, C.; Zhou, D.; Rittmann, B.E. Benzoic and salicylic acid are the
signaling molecules of Chlorella cells for improving cell growth. Chemosphere 2021, 265, 129084. [CrossRef]

67. Gonzalez-Garcinuno, A.; Sanchez-Alvarez, J.M.; Galan, M.A.; Martin Del Valle, E.M. Understanding and optimizing the addition
of phytohormones in the culture of microalgae for lipid production. Biotechnol. Prog. 2016, 32, 1203–1211. [CrossRef]

68. Tang, D.; Han, W.; Li, P.; Miao, X.; Zhong, J. CO2 biofixation and fatty acid composition of Scenedesmus obliquus and Chlorella
pyrenoidosa in response to different CO2 levels. Bioresour. Technol. 2011, 102, 3071–3076. [CrossRef]

69. Jiang, L.; Pei, H.; Hu, W.; Han, F.; Zhang, L.; Hou, Q. Effect of diethyl aminoethyl hexanoate on the accumulation of high-value
biocompounds produced by two novel isolated microalgae. Bioresour. Technol. 2015, 197, 178–184. [CrossRef]

70. Piotrowska-Niczyporuk, A.; Bajguz, A. The effect of natural and synthetic auxins on the growth, metabolite content and
antioxidant response of green alga Chlorella vulgaris (Trebouxiophyceae). Plant Growth Regul. 2013, 73, 57–66. [CrossRef]

71. Trinh, C.T.; Tran, T.H.; Bui, T.V. Effects of plant growth regulators on the growth and lipid accumulation of Nannochloropsis
oculata (droop) Hibberd. AIP Conf. Proc. 2017, 1878, 020017.

72. Udayan, A.; Arumugam, M. Selective enrichment of Eicosapentaenoic acid (20:5n−3) in N. oceanica CASA CC201 by natural
auxin supplementation. Bioresour. Technol. 2017, 242, 329–333. [CrossRef] [PubMed]

73. Pan, X.; Chang, F.; Kang, L.; Liu, Y.; Li, G.; Li, D. Effects of gibberellin A(3) on growth and microcystin production in Microcystis
aeruginosa (cyanophyta). J. Plant Physiol. 2008, 165, 1691–1697. [CrossRef] [PubMed]

74. Wu, G.; Gao, Z.; Du, H.; Lin, B.; Yan, Y.; Li, G.; Guo, Y.; Fu, S.; Wei, G.; Wang, M.; et al. The effects of abscisic acid, salicylic acid
and jasmonic acid on lipid accumulation in two freshwater Chlorella strains. J. Gen. Appl. Microbiol. 2018, 64, 42–49. [CrossRef]
[PubMed]

75. Contreras-Pool, P.Y.; Peraza-Echeverria, S.; Ku-González, Á.F.; Herrera-Valencia, V.A. The phytohormone abscisic acid increases
triacylglycerol content in the green microalga Chlorella saccharophila (Chlorophyta). Algae 2016, 31, 267–276. [CrossRef]

76. Parsaeimehr, A.; Mancera-Andrade, E.I.; Robledo-Padilla, F.; Iqbal, H.M.N.; Parra-Saldivar, R. A chemical approach to manipulate
the algal growth, lipid content and high-value alpha-linolenic acid for biodiesel production. Algal Res. 2017, 26, 312–322.
[CrossRef]

77. Chokshi, K.; Pancha, I.; Trivedi, K.; George, B.; Maurya, R.; Ghosh, A.; Mishra, S. Biofuel potential of the newly isolated
microalgae Acutodesmus dimorphus under temperature induced oxidative stress conditions. Bioresour. Technol. 2015, 180,
162–171. [CrossRef]

78. Lan, S.; Wu, L.; Zhang, D.; Hu, C. Effects of light and temperature on open cultivation of desert cyanobacterium Microcoleus
vaginatus. Bioresour. Technol. 2015, 182, 144–150. [CrossRef]

79. Chu, S.; Rashid, R.T.; Pan, Y.; Wang, X.; Zhang, H.; Xiao, R. The impact of flue gas impurities and concentrations on the
photoelectrochemical CO2 reduction. J. CO2 Util. 2022, 60, 101993. [CrossRef]

http://doi.org/10.1007/s11738-008-0267-y
http://doi.org/10.1126/science.270.5244.1986
http://www.ncbi.nlm.nih.gov/pubmed/8592746
http://doi.org/10.1615/InterJAlgae.v18.i2.70
http://doi.org/10.1111/jpy.13173
http://doi.org/10.1093/pcp/pcaa092
http://doi.org/10.1038/s41598-018-31297-6
http://doi.org/10.1016/j.tplants.2017.09.019
http://doi.org/10.1371/journal.pone.0147625
http://doi.org/10.1016/j.pbi.2019.12.002
http://doi.org/10.1016/j.tplants.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16531097
http://doi.org/10.1105/tpc.001768
http://www.ncbi.nlm.nih.gov/pubmed/12045274
http://doi.org/10.1021/acs.jafc.6b00541
http://www.ncbi.nlm.nih.gov/pubmed/27213977
http://doi.org/10.1016/j.scitotenv.2019.133650
http://doi.org/10.1016/j.plaphy.2018.01.016
http://doi.org/10.1016/j.chemosphere.2020.129084
http://doi.org/10.1002/btpr.2312
http://doi.org/10.1016/j.biortech.2010.10.047
http://doi.org/10.1016/j.biortech.2015.08.068
http://doi.org/10.1007/s10725-013-9867-7
http://doi.org/10.1016/j.biortech.2017.03.149
http://www.ncbi.nlm.nih.gov/pubmed/28411052
http://doi.org/10.1016/j.jplph.2007.08.012
http://www.ncbi.nlm.nih.gov/pubmed/18395293
http://doi.org/10.2323/jgam.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29311497
http://doi.org/10.4490/algae.2016.31.9.3
http://doi.org/10.1016/j.algal.2017.08.016
http://doi.org/10.1016/j.biortech.2014.12.102
http://doi.org/10.1016/j.biortech.2015.02.002
http://doi.org/10.1016/j.jcou.2022.101993


Energies 2023, 16, 897 16 of 17

80. Grim, R.G.; Huang, Z.; Guarnieri, M.T.; Ferrell, J.R.; Tao, L.; Schaidle, J.A. Transforming the carbon economy: Challenges and
opportunities in the convergence of low-cost electricity and reductive CO2 utilization. Energy Environ. Sci. 2020, 13, 472–494.
[CrossRef]

81. Kim, G.-Y.; Heo, J.; Kim, K.; Chung, J.; Han, J.-I. Electrochemical pH control and carbon supply for microalgae cultivation. Chem.
Eng. J. 2021, 426, 131796. [CrossRef]

82. Sulochana, S.B.; Arumugam, M. Influence of abscisic acid on growth, biomass and lipid yield of Scenedesmus quadricauda under
nitrogen starved condition. Bioresour. Technol. 2016, 213, 198–203. [CrossRef] [PubMed]

83. Zhang, H.; Liao, Q.; Fu, Q.; Chen, H.; Huang, Y.; Xia, A.; Zhu, X.; Reungsang, A.; Liu, Z.; Li, J. Rheological properties of microalgae
slurry under subcritical conditions for hydrothermal hydrolysis systems. Algal Res. 2018, 33, 78–83. [CrossRef]

84. Renuka, N.; Guldhe, A.; Singh, P.; Ansari, F.A.; Rawat, I.; Bux, F. Evaluating the potential of cytokinins for biomass and lipid
enhancement in microalga Acutodesmus obliquus under nitrogen stress. Energy Convers. Manag. 2017, 140, 14–23. [CrossRef]

85. Renuka, N.; Guldhe, A.; Singh, P.; Bux, F. Combined effect of exogenous phytohormones on biomass and lipid production in
Acutodesmus obliquus under nitrogen limitation. Energy Convers. Manag. 2018, 168, 522–528. [CrossRef]

86. Ding, W.; Peng, J.; Zhao, Y.; Zhao, P.; Xu, J.-W.; Li, T.; Yu, X. A strategy for boosting astaxanthin accumulation in green microalga
Haematococcus pluvialis by using combined diethyl aminoethyl hexanoate and high light. J. Appl. Phycol. 2018, 31, 171–181.
[CrossRef]

87. Piotrowska-Niczyporuk, A.; Bajguz, A.; Zambrzycka, E.; Godlewska-Zylkiewicz, B. Phytohormones as regulators of heavy metal
biosorption and toxicity in green alga Chlorella vulgaris (Chlorophyceae). Plant Physiol. Biochem. 2012, 52, 52–65. [CrossRef]

88. Baroukh, C.; Mairet, F.; Bernard, O. The paradoxes hidden behind the Droop model highlighted by a metabolic approach. Front.
Plant Sci. 2022, 13, 941230. [CrossRef]

89. Zhou, X.; Ge, H.; Xia, L.; Zhang, D.; Hu, C. Evaluation of oil-producing algae as potential biodiesel feedstock. Bioresour. Technol.
2013, 134, 24–29. [CrossRef]

90. Russo, M.; Iervolino, G.; Vaiano, V.; Palma, V. Non-Thermal Plasma Coupled with Catalyst for the Degradation of Water Pollutants:
A Review. Catalysts 2020, 10, 1438. [CrossRef]

91. San Pedro, A.; González-López, C.V.; Acién, F.G.; Molina-Grima, E. Marine microalgae selection and culture conditions optimiza-
tion for biodiesel production. Bioresour. Technol. 2013, 134, 353–361. [CrossRef]

92. Mujtaba, G.; Choi, W.; Lee, C.G.; Lee, K. Lipid production by Chlorella vulgaris after a shift from nutrient-rich to nitrogen starvation
conditions. Bioresour. Technol. 2012, 123, 279–283. [CrossRef]

93. Ratha, S.K.; Prasanna, R.; Prasad, R.B.N.; Sarika, C.; Dhar, D.W.; Saxena, A.K. Modulating lipid accumulation and composition in
microalgae by biphasic nitrogen supplementation. Aquaculture 2013, 392–395, 69–76. [CrossRef]

94. Yang, H.; He, Q.; Hu, C. Lipid accumulation by NaCl induction at different growth stages and concentrations in photoautotrophic
two-step cultivation of Monoraphidium dybowskii LB50. Bioresour. Technol. 2015, 187, 221–227. [CrossRef] [PubMed]

95. Rahman, A.; Putra, J.D.; Prihantini, N.B.; Mahlia, T.M.I.; Aziz, M.; Deendarlianto; Nasruddin, N. Cultivation of Synechococcus
HS-9 in a novel rectangular bubble column photobioreactor with horizontal baffle. Case Stud. Therm. Eng. 2021, 27, 101264.
[CrossRef]

96. Xia, A.; Hu, Z.; Liao, Q.; Huang, Y.; Zhu, X.; Ye, W.; Sun, Y. Enhancement of CO2 transfer and microalgae growth by perforated
inverted arc trough internals in a flat-plate photobioreactor. Bioresour. Technol. 2018, 269, 292–299. [CrossRef] [PubMed]

97. Yaqoubnejad, P.; Rad, H.A.; Taghavijeloudar, M. Development a novel hexagonal airlift flat plate photobioreactor for the
improvement of microalgae growth that simultaneously enhance CO2 bio-fixation and wastewater treatment. J. Environ. Manag.
2021, 298, 113482. [CrossRef]

98. Cheng, J.; Song, Y.; Miao, Y.; Guo, W.; Wang, Y.; Li, X.; Yang, W.; Zhou, J. Three-Stage Shear-Serrated Aerator Broke CO2 Bubbles
To Promote Mass Transfer and Microalgal Growth. ACS Sustain. Chem. Eng. 2019, 8, 939–947. [CrossRef]

99. Wu, K.; Ying, K.; Zhou, J.; Liu, D.; Liu, L.; Tao, Y.; Hanotu, J.; Zhu, X.; Cai, Z. Optimizing the growth of Haematococcus pluvialis
based on a novel microbubble-driven photobioreactor. iScience 2021, 24, 103461. [CrossRef]

100. Zhang, D.; Dechatiwongse, P.; Hellgardt, K. Modelling light transmission, cyanobacterial growth kinetics and fluid dynamics in a
laboratory scale multiphase photo-bioreactor for biological hydrogen production. Algal Res. 2015, 8, 99–107. [CrossRef]

101. Benson, B.C.; Rusch, K.A. Investigation of the light dynamics and their impact on algal growth rate in a hydraulically integrated
serial turbidostat algal reactor (HISTAR). Aquac. Eng. 2006, 35, 122–134. [CrossRef]

102. Sun, Y.; Liao, Q.; Huang, Y.; Xia, A.; Fu, Q.; Zhu, X.; Zheng, Y. Integrating planar waveguides doped with light scattering
nanoparticles into a flat-plate photobioreactor to improve light distribution and microalgae growth. Bioresour. Technol. 2016, 220,
215–224. [CrossRef]

103. Sun, Y.; Huang, Y.; Liao, Q.; Xia, A.; Fu, Q.; Zhu, X.; Fu, J. Boosting Nannochloropsis oculata growth and lipid accumulation in
a lab-scale open raceway pond characterized by improved light distributions employing built-in planar waveguide modules.
Bioresour. Technol. 2018, 249, 880–889. [CrossRef]

104. Liao, Q.; Li, L.; Chen, R.; Zhu, X. A novel photobioreactor generating the light/dark cycle to improve microalgae cultivation.
Bioresour. Technol. 2014, 161, 186–191. [CrossRef] [PubMed]

105. Ye, Q.; Cheng, J.; Liu, S.; Qiu, Y.; Zhang, Z.; Guo, W.; An, Y. Improving light distribution and light/dark cycle of 900 L tangential
spiral-flow column photobioreactors to promote CO2 fixation with Arthrospira sp. cells. Sci. Total Environ. 2020, 720, 137611.
[CrossRef]

http://doi.org/10.1039/C9EE02410G
http://doi.org/10.1016/j.cej.2021.131796
http://doi.org/10.1016/j.biortech.2016.02.078
http://www.ncbi.nlm.nih.gov/pubmed/26949054
http://doi.org/10.1016/j.algal.2018.04.026
http://doi.org/10.1016/j.enconman.2017.02.065
http://doi.org/10.1016/j.enconman.2018.05.029
http://doi.org/10.1007/s10811-018-1561-8
http://doi.org/10.1016/j.plaphy.2011.11.009
http://doi.org/10.3389/fpls.2022.941230
http://doi.org/10.1016/j.biortech.2013.02.008
http://doi.org/10.3390/catal10121438
http://doi.org/10.1016/j.biortech.2013.02.032
http://doi.org/10.1016/j.biortech.2012.07.057
http://doi.org/10.1016/j.aquaculture.2013.02.004
http://doi.org/10.1016/j.biortech.2015.03.125
http://www.ncbi.nlm.nih.gov/pubmed/25863198
http://doi.org/10.1016/j.csite.2021.101264
http://doi.org/10.1016/j.biortech.2018.08.110
http://www.ncbi.nlm.nih.gov/pubmed/30193213
http://doi.org/10.1016/j.jenvman.2021.113482
http://doi.org/10.1021/acssuschemeng.9b05510
http://doi.org/10.1016/j.isci.2021.103461
http://doi.org/10.1016/j.algal.2015.01.006
http://doi.org/10.1016/j.aquaeng.2005.09.005
http://doi.org/10.1016/j.biortech.2016.08.063
http://doi.org/10.1016/j.biortech.2017.11.013
http://doi.org/10.1016/j.biortech.2014.02.119
http://www.ncbi.nlm.nih.gov/pubmed/24704839
http://doi.org/10.1016/j.scitotenv.2020.137611


Energies 2023, 16, 897 17 of 17

106. Chen, Z.; Su, B. Influence of Medium Frequency Light/Dark Cycles on the Cultivation of Auxenochlorella pyrenoidosa. Appl. Sci.
2020, 10, 5093. [CrossRef]

107. Liu, L.; Ying, K.; Wu, K.; Tang, S.; Zhou, J.; Cai, Z. Promoting the Growth of Haematococcus lacustris under High Light Intensity
through the Combination of Light/Dark Cycle and Light Color. J. Mar. Sci. Eng. 2022, 10, 839. [CrossRef]

108. Zhang, Q.; Xue, S.; Yan, C.; Wu, X.; Wen, S.; Cong, W. Installation of flow deflectors and wing baffles to reduce dead zone and
enhance flashing light effect in an open raceway pond. Bioresour. Technol. 2015, 198, 150–156. [CrossRef]

109. Cheng, J.; Yang, Z.; Ye, Q.; Zhou, J.; Cen, K. Enhanced flashing light effect with up-down chute baffles to improve microalgal
growth in a raceway pond. Bioresour. Technol. 2015, 190, 29–35. [CrossRef]

110. Chen, Z.; Zhang, X.; Jiang, Z.; Chen, X.; He, H.; Zhang, X. Light/dark cycle of microalgae cells in raceway ponds: Effects of
paddlewheel rotational speeds and baffles installation. Bioresour. Technol. 2016, 219, 387–391. [CrossRef]

111. Guo, W.; Cheng, J.; Song, Y.; Liu, S.; Ali, K.A.; Kumar, S. Three-dimensional numerical simulation of light penetration in an
optimized flow field composed of microalgae cells, carbon dioxide bubbles and culture medium. Bioresour. Technol. 2019,
292, 121979. [CrossRef] [PubMed]

112. Ranganathan, P.; Pandey, A.K.; Sirohi, R.; Tuan Hoang, A.; Kim, S.H. Recent advances in computational fluid dynamics (CFD)
modelling of photobioreactors: Design and applications. Bioresour. Technol. 2022, 350, 126920. [CrossRef] [PubMed]

113. Ye, Q.; Cheng, J.; Lai, X.; An, Y.; Chu, F.; Zhou, J.; Cen, K. Promoting Photochemical Efficiency of Chlorella PY-ZU1 with Enhanced
Velocity Field and Turbulent Kinetics in a Novel Tangential Spiral-Flow Column Photobioreactor. ACS Sustain. Chem. Eng. 2018,
7, 384–393. [CrossRef]

114. Shen, Y.; Zhang, Y.; Zhang, Q.; Ye, Q.; Cai, Q.; Wu, X. Enhancing the flow field in parallel spiral-flow column photobioreactor to
improve CO2 fixation with Spirulina sp. Sci. Total Environ. 2021, 799, 149314. [CrossRef] [PubMed]

115. Zhao, L.; Peng, C.; Zhang, J.; Tang, Z. Synergistic effect of microbubble flow and light fields on a bionic tree-like photobioreactor.
Chem. Eng. Sci. 2021, 229, 116092. [CrossRef]

116. He, S.; Barati, B.; Hu, X.; Wang, S. Carbon migration of microalgae from cultivation towards biofuel production by hydrothermal
technology: A review. Fuel Process. Technol. 2023, 240, 107563. [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/10.3390/app10155093
http://doi.org/10.3390/jmse10070839
http://doi.org/10.1016/j.biortech.2015.08.144
http://doi.org/10.1016/j.biortech.2015.04.050
http://doi.org/10.1016/j.biortech.2016.07.108
http://doi.org/10.1016/j.biortech.2019.121979
http://www.ncbi.nlm.nih.gov/pubmed/31445241
http://doi.org/10.1016/j.biortech.2022.126920
http://www.ncbi.nlm.nih.gov/pubmed/35240273
http://doi.org/10.1021/acssuschemeng.8b03718
http://doi.org/10.1016/j.scitotenv.2021.149314
http://www.ncbi.nlm.nih.gov/pubmed/34358739
http://doi.org/10.1016/j.ces.2020.116092
http://doi.org/10.1016/j.fuproc.2022.107563

	Introduction 
	The Metabolic Mechanism of Microalgae Regulated by Phytohormones 
	The Species of Phytohormones 
	Regulation of Phytohormones on Microalgae Growth 

	Regulation of Phytohormones on Microalgae under Abiotic Stresses 
	Effect of Phytohormones on Microalgae under Nitrogen Stress 
	Effect of Phytohormones on Microalgae under Other Stresses 

	Multistage Regulation of Phytohormones on CO2 Fixation through Microalgae 
	Photobioreactors for CO2 Fixation through Microalgae 
	CO2 Transfer Reinforcement in Photobioreactors 
	Light Transfer Reinforcement in Photo-Bioreactor 
	Prediction and Optimization through the CFD Model 

	Prospective 
	Conclusions 
	References

