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ARTICLE INFO ABSTRACT
Keywords: The upcoming global climate change as a result of anthropogenic action is now increasingly attracting the
Microalgae attention of scientific communities. Over the past three decades, researchers and industries around the world

CO, emissions

have spent a lot of time and effort developing various carbon capture and storage technologies, which, despite
Carbon neutrality

their promise, are still economically complex, with unclear long-term consequences to the environment. As an

Decarbonization . . . L. . . . . .
Bioenergy alternative, biological carbon sequestration is considered an attractive method of atmospheric CO fixation with
Bioproducts the production of biomass, which, in turn, can be used as a readily renewable feedstock for the production of

biofuels and other valuable products. This review focuses on the latest data of microalgae research in terms of
key carbon footprint minimization strategies, which include features of the carbon concentrating mechanism
(CCM) in microalgae, the main range of biofuels and the possibility of obtaining valuable metabolites based on
them, such as bioplastics, biofertilizers, and biologically active compounds.

Abbreviations: BACs, biologically active compounds; Bio-Hp, biohydrogen; CA, carbonic anhydrase; Cars, carotenoids; CCM, carbon concentrating mechanism,;
CCUS, carbon capture, utilization, and storage; CH4, methane; Chls, chlorophylls; CO, carbon monoxide; CO,, carbon dioxide; COD, chemical oxygen demand; DW,
dry weight; FAs, fatty acids; FW, fresh weight; GHG, greenhouse gas; GHGs, greenhouse gases; HDPE, high-density polyethylene; HRAP, high-rate algae pond; IAA,
indole-3-acetic acid; IBA, indole-3-butanoic acid; LDPE, low-density polyethylene; MDH, malate dehydrogenase; ME, malic enzyme; O,, oxygen; OUC, ornithine-urea
cycle; PBPs, phycobiliproteins; PEPC, phosphoenolpyruvate carboxylase; PHA, polyhydroxyalkanoates; PP, polypropylene; PVC, polyvinyl chloride; TAG,
triacylglyceride..
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1. Introduction atmosphere has become the primary causes of global climate change in
recent decades. Carbon dioxide (CO,) is the primary GHG accounting for

The widespread use of fossil fuels and active anthropogenic activities roughly 60 % of total global emissions [1,2]. Despite a temporary
contributing to the increase of greenhouse gases (GHGs) level in the decrease during the COVID-19 pandemic, its concentration in the
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Fig. 1. Key strategies and potential of microalgae in carbon sequestration and bioconversion to achieve carbon neutrality. Abbreviation: CCM - CO, concen-
trating mechanisms.
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atmosphere has risen to approximately 400 ppm and is continue to rise
[3].

To combat global warming, the entire world community has set a
difficult goal of reaching carbon neutrality by 2050 [4,5]. The strategy’s
main approaches can be boiled down into three main aspects: COy
emissions can be reduced by cleaning the air, switching to alternative
energy sources, and investing in relevant projects [6,7]. The approaches
outlined above should include new innovative technologies such as
biotechnologies to harness the potential of the planet’s bioresources.
Microalgae are fast-growing, photosynthetic aquatic organisms with a
wide metabolic potential that makes them ideal for these carbon
neutrality strategies. Furthermore, unlike embryophytes, they lack
lignin, and photosynthetically sequestered carbon can be easily recycled
back into food webs [8]. Photosynthesis is one of the most natural and
sustainable methods of capturing and storing CO» from the atmosphere.
Microalgae can photosynthetically capture about 100 Gt of CO5 per year
and convert it into useful biomass [7]. Moreover, over the last three
decades, researches on microalgal biotechnology have intensively
focused on exploring their potential for bioenergy production [9].
Numerous scientists have identified their immense potential in the
production of a variety of liquid and gaseous biofuels [5]. Another
important aspect is the development of “green” technologies, where
microalgae are considered as a valuable resource for the production of
many valuable bio-products in a natural way and contribute to the
development of various offset projects that help reduce CO, emissions
into the atmosphere. The fundamental modification of hazardous in-
dustries and their replacement with harmless ones using natural, low-
carbon technologies for the production of valuable natural chemical
compounds, including food additives, biofertilizers and bioplastics, is
certainly aimed at reducing the amount of CO5 produced [10,11].

There are several reports in the literature about the assimilation of
CO4, by various microorganisms, focusing on the CO- fixation metabolic
pathway [12,13], and the potential of phototrophic microorganisms for
biofuel production is also being actively investigated [14]. Nevertheless,
in this manuscript, the most recent research on microalgae is thoroughly
examined in relation to the three aspects of achieving carbon neutrality
outlined above. First, recent data on carbon dioxide sequestration by
microalgal cells are summarised and examined, as well as alternative
techniques of biological CO, sequestration. The manuscript then high-
lights the primary range of phototrophic microorganism-based biofuels,
their challenges, and future possibilities in bioenergy. Finally, the
manuscript analyses the potential of microalgae in the development of
projects to gain additional products such as bioplastics, biofertilizers,
and biologically active additives, the production of which also contrib-
utes to lowering CO2 emissions. We also discuss the challenges and
opportunities for developing bioconversion of captured carbon dioxide
into biofuels and other valuable products.

It is expected that the information contained in this review will
provide a thorough understanding of how algae can represent a high-
tech, low-cost and environmentally friendly solution to many of the
current needs of our society, while achieving carbon neutrality and thus
contributing to the creation and development of a bioeconomy based on
algae (Fig. 1).

2. Microalgae as carbon dioxide capture and utilization tools

Despite the potential environmental benefits of the dozens of funded
carbon capture, utilization, and storage (CCUS) projects [15], these
technologies are not risk-free. Aside from the risk of captured CO: being
released during long-term storage, the development of such capture and
disposal technologies may significantly slow down the transition to
alternative energy sources. Given this uncertainty, as well as the various
risks associated with large-scale carbon capture and storage technolo-
gies, alternative approaches to carbon sequestration are required. As the
most important process for converting inorganic carbon into organic
matter, photosynthesis is a natural, sustainable strategy for biological
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CO4, capture and storage. Even though photosynthesis is the only process
that occurs on large scale on Earth, the potential of terrestrial plants
alone is not insufficient to remove a satisfactory amount of atmospheric
CO». For example, reforestation, a widely used method for offsetting the
carbon footprint, can lead to negative social consequences, such as the
disappearance of pastures and source of traditional income. On the other
hand, phototrophic microorganisms, particularly microalgae and cya-
nobacteria, have high carbon sequestration capacity during photoauto-
trophic growth, making them promising CO, removal tools [14]. It
should be noted that algae perform half of the photosynthesis on Earth.
They can perform photosynthesis process all year round due to their
high growth rate, with additional benefits of they do not occupy large
areas and are not particularly demanding in terms of growing condi-
tions. They can grow on low-cost synthetic media, in seawater, and
wastewater. Moreover, they do not compete for drinking water and
arable land with food crops [16].

Microalgae can absorb carbon in the form of CO, via free diffusion,
hydrocarbonates (HCO3) via active transport, and bicarbonates via
extracellular carbonic anhydrase enzymes [17,18]. They can use CO;
from the atmosphere as well as flue gases. According to published data,
the generation of 1.0 kg of microalgal biomass can absorb up to 1.83 kg
of CO3 [19,20]. The mechanism of CO, assimilation in microalgae dif-
fers from the carbon cycles of terrestrial plants. Due to the inducible CO2
concentration mechanism (CCM), microalgae and cyanobacteria can
accumulate inorganic carbon in very large amounts and carry out
photosynthesis even in environment of low CO2 concentrations (2).
Therefore, their contribution to biomass and oxygen (O5) formation, as
well as to CO; sequestration is far greater than that of terrestrial plants
[21]. Many articles have been devoted to the structural organization of
CCM in phototrophic microorganisms. Numerous studies have revealed
the main CCM types and differences in the structure of carbon trans-
porters and carbonic anhydrase (CA) in marine and freshwater micro-
algal species.

Rubisco type I is the key enzyme for CO, fixation in microalgae,
cyanobacteria, and plants, but it has a relatively low efficiency [22,23].
Furthermore, as a competitive inhibitor of the carboxylation reaction,
O, participates in Rubisco oxygenation side reaction and competes for
enzyme availability. All of this undoubtedly affects the final productivity
of photosynthetic organisms, because a significant amount of carbon is
lost due to the high O concentration and solubility, forming toxic
phosphoglycolate molecules that are further metabolized during
photorespiration at additional energy cost [24,25]. Despite the Rubisco
O,-generating activity, the enzyme carboxylation rate varies in photo-
trophic organisms. It is 3-5-fold higher in cyanobacteria and microalgae
than in land plants. Because of the CCM concentration in the cells, the
oxygenation level of Rubisco is much lower in microalgae. Various CCM
types in microalgal cells have been identified. The so-called “biophysi-
cal” microalgal CCM allows for the energy-dependent active accumu-
lation of CO4 in the Rubisco active center while avoiding the trapping of
HCOs- inorganic intermediates. The well-functioning system of CO;
channels, membrane carriers HCO3, CA, and the acidic environment of
the thylakoid lumens all contribute to this [26]. This CCM type in
eukaryotic microalgae is driven by pH gradient across the thylakoid
membrane and requires illumination because photosynthetic electron
transport is required to generate pH differences. The formation of
microcompartments containing Rubisco in microalgal pyrenoids also
contributes to the accumulation of high CO; concentrations. According
to published data, the presence of pyrenoid in algal cells leads to high
CO, concentrations around Rubisco as CO, formed in the lumen of
thylakoids diffuses through the tubules into the pyrenoid matrix and is
fixed by Rubisco, reducing Rubisco oxygenase activity and stimulating
carboxylase activity in the stroma [27-29]. Cah3, the luminal CA of the
green alga Chlamydomonas reinhardtii [30], and O-CA in Phaeodactylum
tricornutum diatoms have been extensively studied in this mechanism
[31].

The biochemical CCM occurs in some diatoms (such as Thalassiosira
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weissflogii) and occurs via a C4 pathway in which HCOj3 is converted by
phosphoenolpyruvate carboxylase to oxaloacetate (compound Cy),
which is then decarboxylated by malate dehydrogenase (MDH) and/or
malic enzyme (ME) to CO and malate, where CO5 then enters the Calvin
cycle [32,33]. According to recent data, some microalgae release a large
number of CCMs simultaneously in response to low CO, levels. For
example, Wei et al. [33], who investigated the dynamics of the tran-
scriptome, proteome and metabolome in the microalga Nannochloropsis
oceanica during cellular adaptation to different CO, concentrations,
found that N. oceanica implements a full set of CCM in response to low
carbon stress. In addition to the biophysical and biochemical CCM, there
is a third type — basal CCM, provided by the activation of photorespi-
ration and ornithine-urea cycle (OUC) genes responsible for the efficient
recycling of mitochondrial CO; for carbon fixation by the chloroplast.
The differences in the specific genes CAs, PEPCK, ME, and PPDK in
response to carbon stress compared to C. reinhardtii and P. tricornutum
are shown [34].

Thus, by maintaining a high CO, concentration in cells, CCM im-
proves the efficiency of photosynthetic carbon fixation. CCM mecha-
nisms in microalgae are species-specific and rely on Rubisco’s selective
properties [35].

Increased CO, concentration has a positive effect on Rubisco’s ki-
netic properties, accelerates carboxylation and inhibits the oxygenase
reaction. The critical need for photoautotrophic cultures for CO, may
provide the foundation for an efficient method of capturing and fixing
COo,. This is especially relevant and significant when capturing CO2 from
flue gases, where the CO, content is much higher than its atmospheric
concentration.

There have been numerous studies on the use of streams enriched
with various CO5 concentrations for microalgae cultivation. According
to the literature, the relative maximum CO; concentration that is
optimal for the growth of most microalgal species is in the range of 5-40
%. Sydney et al. [36] reported that 5 % was the optimal CO, concen-
tration for the growth of a number of microalgal strains with high
biochemical potential in bioenergetics, including Botryococcus braunii,
C. vulgaris, Dunaliella tertiolecta, and Scenedesmus obliquus. Schipper et al.
[37] investigated four new strains isolated from the Persian Gulf, which
include Leptolyngbya sp., Chroococcidiopsis sp., Picochlorum sp., and
Tetraselmis sp., were tolerant to relatively high CO, concentrations.

The use of algae as a trap for CO; from flue gases has been discussed
in many studies. Microalgae have a 20 % to 70 % CO, absorption ca-
pacity, requiring 1.3 to 2.4 kg of CO; per kg of dry microalgae [38]. With
the production of 100 tons of microalgae biomass, approximately 180
tons of CO, can be consumed [39]. According to the information pre-
sented in the article by Bhola et al., microalgae have the ability to
sequestrate CO3 50 times more efficiently than plants. Considering that
algae can produce on average about 280 tons of dry biomass per day,
they are able to absorb up to 513 tons of carbon dioxide during their
growth [40].

Representatives of the genera Chlorella and Oscillatoria have showed
a promising ability to trap CO,, according to numerous researchers
[41,42]. A feasibility study by Valdovinos-Garcia et al. shows that when
microalgae are cultivated in an open system with a biomass productivity
of 12.71 g/m?/day, 102.13 t COy/year can be captured per 1 ha of
cultivated area [43]. Iglina et al. report that when cultivating algae in a
pond with sunlight, a pond with a volume of 4000 m® can absorb about
2200 tons of CO, per year [44].

The use of microalgae for CO, sequestration on an industrial scale is
limited by several factors, such as the composition of flue gases and the
degree of resistance of microalgae to carbon dioxide. It is known that
flue gases, in addition to carbon necessary for the photosynthesis of
algae, contain up to 142 different compounds, including heavy metals
toxic to algae, SOy [40,45]. All this requires control of the flue gas
composition, depending on the combustion system, generation source
and combustion temperature. Also, the effective capture of COy from
flue gases in a power plant is limited by the varying degree of resistance

Algal Research 72 (2023) 103096

of algae to elevated levels of CO,. Despite the need for carbon dioxide for
the metabolism of algae, for some species, high concentrations of CO;
can be harmful and lead to a decrease in the rate of biomass growth. The
main reasons for this are a large environmental load affecting the pro-
ductivity of algae biomass and a decrease in pH due to the formation of
bicarbonate [46].

The ability of microalgae to tolerate high concentrations of CO;
becomes a key consideration in selecting suitable microalgae species for
carbon sequestration [47]. Adding bases in the form of nitrates or
genetically altering microalgae with carbonic anhydrase to limit CO5
generation are some of the approaches to increase COy tolerance in
microalgae [46].

A great contribution to increasing the level of accumulation and
assimilation of CO; by microalgae cells is also made by the development
of innovative cultivation methods, in particular, the design of photo-
bioreactor systems that ensure the efficiency of mass transfer processes.
Efficient uptake of COy by microalgae cells during cultivation is ach-
ieved by two approaches, such as increasing the gas-liquid interface (i.e.,
bubble specific surface area) and increasing bubble mass transfer time (i.
e., bubble residence time) [48-50]. Therefore, the design and operation
of the aerator used to create bubbles is critical to the process of CO5
fixation by microalgae. Li et al. demonstrated the development of a new
rotary mixing aerator with a magnetic drive for growing microalgae
based on the principle of secondary crushing by centrifugal force and
shear stress is presented [50]. Simultaneously, the duration of bubble
production is shortened, the bubbles’ diameter is decreased, and as a
result, the bubbles’ residence period is increased, enhancing the growth
of microalgae and carbon fixation. Flat photobioreactor with internals of
a perforated inverted-arc trough for CO; biofixation by microalgae is
also described. These internals increase the CO5 contact time between
gas and liquid and periodically aerate the upper portion of the photo-
bioreactor, stirring slurry, which improves the transfer of CO, from the
gas to the culture medium [51].

Thus, the utilization of CO5 emissions by photosynthesis of micro-
algae is a promising direction, providing long-term fixation of carbon
dioxide in biomass, which can be converted into biofuel and other
valuable products [46,52].

3. Bioenergy potential of microalgae

The carbon balance clearly shows that the energy sector is the pri-
mary source of CO, emission. As a result, cost-effective measures such as
removing fossil fuel subsidies, reducing methane emissions from the oil
and gas industry and generation of electricity from alternative sources as
solar panels, wind farms, nuclear and geothermal energy sources,
implemented in energy sector can reduce GHG emissions up to 100-200
million t yr—! [53]. However, policies should encourage the use of
biofuels, which possess immense potential in reducing GHG emissions
while utilizing the limited area of non-arable land and freshwater to
maintain a balance between food, energy, and the environment.
Microalgae which fulfilling all criteria above are a promising feedstock
for renewable third and fourth-generation biofuels. Because photo-
trophic microorganisms have large metabolic capacities, they can be
used to produce environmentally friendly liquid and gaseous biofuels to
meet the world’s growing energy demand [54,55]. In addition to carbon
neutrality, other benefits of such fuels include their high biodegrad-
ability and non-toxicity, as well as the ability to co-produce other food,
cosmetic, agricultural, and medical bioproducts from the remaining
biomass.

Modern catalytic methods open up broad possibilities for converting
microalgal biomass into a variety of COj-neutral energy sources.
Microalgal cultivation is less costly than terrestrial plants, and their high
productivity allows for significantly greater stored chemical energy per
unit area [56].

The following are the main stages of microalgae-derived biofuel
production:
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— Selection of microalgal strains and their cultivation;

— Biomass harvesting;

— Fuel elements (oils, alcohol, etc.) extraction from biomass via step-
wise processing using various physicochemical and biological
methods;

— Conversion of the fuel fractions into the desired biofuel.

At the same time, thermochemical, biochemical, or chemical tech-
nologies can be used to produce various biofuels from microalgal
biomass, including both liquid biofuel (biodiesel, biobutanol, bio-
ethanol, and bio-0il) and gaseous biofuel (methane (CH4) and bio-
hydrogen (bio—Hy)) [38,57,58].

3.1. Biobutanol and bioethanol

In recent years, researchers’ attention has shifted to the use of
microalgal biomass for the production of alcohol-based biofuels —
ethanol and butanol - as the most realistic types of biofuels, which offer
tremendous potential in bioenergy as alternatives to gasoline [59,60].
Ethanol is currently the most widely used renewable biofuel, produced
by Clostridium, Zymomonas mobilis, and the yeast Saccharomyces cer-
evisiae fermentation utilizing food starch or lignocellulose as substrate
[61]. Although ethanol currently has the highest tonnage among all
biofuel, experts discovered significant advantages of butanol after
comparing the properties of biobutanol and bioethanol as fuel compo-
nents [62]. Compared to ethanol, butanol is more economical, contains
25 % more energy, is safer to use and transport, which is ensured by its
lower volatility and less aggressive properties, and does not form sulfur
or nitrogen oxides during combustion, it is considered a more environ-
mentally friendly fuel.

Fermentation of carbohydrate feedstocks of plant origin (maize and
beet) and various wood wastes, impacting the cost of the final product
due to various technical problems related to the pre-processing of plant-
based feedstocks [63], which is the most common method of producing
biobutanol by microbiological synthesis. Algae have great potential as a
feedstock for the production of alcoholic biofuels because they accu-
mulate a high level of carbohydrates. Tables 1 and 2 summarize the
performance of utilizing algal biomass for bioethanol and biobutanol
production. It is important to take note that not only microalgal biomass
but also the waste produced after lipid isolation in biodiesel production
can be used to produce alcoholic fuels.

One of the major challenges in producing any type of microalgae-
based (including cyanobacteria-based) biofuel is unsatisfactory final
product yield, which is being addressed by various research strategies.
When using microalgal feedstocks, the insufficient yield of the final
product — butanol or ethanol - is being addressed using a variety of
approaches, including optimization of fermentation medium. For
example, the addition of carbon substrate (acetic and butyric acids),
which are the main precursors in the second phase of ABE fermentation,
increased butanol yield significantly [64]. Butyric acid mediated a sig-
nificant increase in butanol synthesis from red algae up to 4.48 g 17!
(about 30-fold), with a maximum yield of reducing sugars of 0.35 g
DW ! in the presence of butyrate [65].

There is no doubt that genetic engineering has advanced signifi-
cantly in this area. Genetic engineering technologies not only enhance
the accumulation of carbohydrates in phototrophic microorganism cells
[75], but also creating microalgal strains that produce alcohol. Syn-
echocystis sp. PCC 6803, for example, was found to overexpress heter-
ologous genes encoding pyruvate decarboxylase (PDC) from Zymomonas
mobilis and NADPH-dependent alcohol dehydrogenase (YghD) from
Escherichia coli [76]. To improve biofuel production, specific genes and
pathways for alcohol resistance have been identified for this strain. The
strain Synechocystis sp. PCC 6803 produced ethanol at a rate of 248 mg
17! d7!, making it a valuable biosystem for photosynthetic ethanol
production (Table 2) [77].

In general, many microalgae have own enzymatic pathway to
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Table 1
The yield of bioethanol produced by various microalgal strains.
Microalgae strain Fermentation condition Bioethanol Reference
yield, g L ™!
C. reinhardtii CC pH 6.5-7.0, S. fermentation 4.25 [66]

2656 with S. cerevisiae INVSC-1 at

30 °C for 36 h, initial acetate

and ammonium chloride

concentration of 1.56 g L™!

and 100-200 mg L™*

Pre-treated with 1.5 % 5.6 [67]
sulfuric acid, fermentation

with S. cerevisiae TISTR 5339,

hydrolyzing the pre-treated

slurry with a-amylase and

glucoamylase

Pre-treated with 1.5 % 4.2 [68]
sulfuric acid, fermentation

with Saccharomyces cerevisiae

FAY-1 at 30 °C for 48 h

acid pre-treatment 10 % 2 N 0.33 [69]
H,S04, at 121 °C for 45 mins

pH 4.8, fermentation with co-

culture of S. cerevisiae and

A. niger at 30 °C for 120 h

Enzymatic hydrolysis - 1.0 [70]
cellulase (Trichoderma

longibrachiatu), fermentation

with S. cerevisiae at 27 °C, for

96 h

Simultaneous saccharification 8.1% [71]
and fermentation (SSF), using

S. cerevisiae at 20 % v/v at

33.94 °C, pH 5.55, biomass:

16.95 g L!

Sonication and amylase 12.87 [72]

Chlorella sp.

Chlorella vulgaris
ESP-31

Chlorella vulgaris

Chlorella sp.

Chlorella

sorokiniana

Chlamydomonas sp.

KNMO0029C Fermentation with
S. cerevisiae
Dunaliella hydrolyzed with HySO4 1 % 0.41° [73]
tertiolecta (v/v) at 120 °C for 15 min,

fermentation with S. cerevisiae

at 30 °C for 24 h

Pre-treatment and hydrolysis: 9.96 [74]
0.5 mol/L H,SO,4 and 2.5 %

MgSO4 at 121 °C for 40 min.

Fermentation: S. cerevisiae

ATCC 7921 at 30 °C for 24 h

S. cerevisiae ATCC

2 Calculated from g ethanol g~* glucose.
b Calculated from g ethanol g~! DW.

produce ethanol, but changes in regulatory pathways or the creation of
new metabolic pathways are required to produce ethanol via photoau-
totrophic metabolism. Because their cells contain intermediates and
alcohol precursors, such possibilities are real. Thus, some of the 2-keto-
butyrate used by the cell for amino acid synthesis can be diverted into
isobutanol production [84].

The green unicellular microalga C. reinhardtii is an appropriate
model for genetic manipulations to increase the accumulation of car-
bohydrates for fermentative ethanol production. Starch accumulation
was increased in transformed mutant strains of C. reinhardtii sta7-10
(c5) and sta7-10 (c19) [83]. The amylase gene of the hyperthermophilic
bacterium Thermotoga neapolitana was transformed into C. reinhardtii
genome to improve the extraction of fermentable carbohydrates,
reducing additional pre-treatment processes and thereby facilitating
biomass use for bioethanol or biobutanol production [85].

Thus, the key advantages of algae are their incredibly fast growth
rate and high carbon dioxide binding, converting them into carbohy-
drates, which can be easily converted into alcohol fuel. Also, the great
opportunities opened up by modern genetic engineering can help speed
up the solution of energy problems through the production of cheap
biosynthetic butanol and ethanol.
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Table 2 Table 3
The yield of biobutanol produced by various microalgal strains. Biodiesel yield produced by various microalgal strains.
Microalgae strain Fermentation conditions Butanol Reference Microalgae Technique Total lipid References
yield, g strain content, %
Lt DW !
C. vulgaris FSP-E Ethanol was examined with an 11.7 [78] Chlorella vulgaris Catalyst is utilized with varying 56.4 [88]
ethanol-producing bacterium Na loadings
Z. mobilis ATCC 29191 at 45 °C. N. oculata Catalyst is utilized with varying 47.1
Before fermentation the biomass Na loadings
was treated with enzymes C. vulgaris Electrolysis using CaO/KOH- 39 [89]
(endoglucanase: 0.61 U mL™?, b- Fe304 and KF/KOH-Fe30, as
glucosidase: 0.30 U mL ™2, magnetic nanocatalysts
Amylase: 0.75 U mL ™) C. vulgaris Homogenous 22.9 [90]
C. vulgaris sp. ESP6  The butanol fermentation of 0.93 [79] Acid-catalyzed in situ
C. acetobutylicum ATCC824 was Transesterification with
conducted at a controlled Microwave
temperature of 37 °C. Glucose Irradiation
alone, xylose alone, and the Botryococcus Homogenized cells monitored in 26.8 [91]
mixture of the two with a glucose braunii sp. LB- gas chromatography then the
were used as the carbon source 572 lipids were extracted by Folch
Borodinellopsis Cultivated in municipal 3.63 [80] method
texensis CCALA wastewater, fermentation with Botryococcus The lipid fraction was extracted 63 [92]
892 C. acetobutylicum, reacted with braunii UTEX with chloroform/methanol (2:1,
0.5 N H,SO4 572 v/v) under a vacuum.
Chlorella sp. Acidic hydrolysis (1 M HzSO4 6.23 [81] Dunaliella salina Different treatments (salinity, 31.5 [93]
DEE006 fermentation carried out with acidity, nutrients) under light
C. acetobutylicum at 37 °C Botryococcus Lipids were determined by 36.1 [94]
Chlorella vulgaris The butanol fermentation was 13.1 [82] braunii LEM 14 extraction with methanol:
JSC-6 conducted C. acetobutylicum chloroform 1:1, followed by a
ATCC824 at a 37 °C without pH liquid-liquid extraction with
control hexane
Chlorella Cultivated in municipal 4.2 [83] Botryococcus The lipid sample was determined  17.8 [95]
Zofingiensis wastewater and Indole-3-acetic braunii Kiitz No by chloroform-methanol (2:1).
CCALA 944 acid (IAA) via hydrogen peroxide LB 807/1
(H20,) pre-treatment Tetraspora sp. Homogenization and different 60 [96]
B. texensis CCALA Borodinellopsis texensis CCALA 3.63 [801 concentrations of NaOH as the

892 biomass directly cultivated in
a 25 % of wastewater

3.2. Biodiesel

Biodiesel, which can be used in blends or directly in various diesel
engines, can also significantly contribute to increasing the share of
renewable energy in the energy balance. Although various vegetable oils
and animal fats are currently used in industrial biodiesel production, the
higher oil yield of non-food algal biomass compared to food oilseeds
enables the cost-effective conversion of microalgal biomass into bio-
diesel using various technologies.

Microalgae accumulate in cells non-polar storage lipids tri-
acylglycerides, which can be easily converted into fatty acid methyl
esters during transesterification, which is an important and universal
form of biodiesel fuel. At the same time, it is known that the optimal
conditions for the production of microalgae biomass are not necessarily
optimal for the accumulation of lipids. Moreover, triacylglycerides
accumulate better under nutrient stress, providing a storage function for
the cell under adverse conditions. Therefore, to stimulate lipid biosyn-
thesis, it is necessary to reprogram physiological pathways, which is the
aim of various strategies and approaches to increase lipid productivity
and ensure the stability and scalability of this process. Currently, rep-
resentatives of the genera Scenedesmus, Chlorella, Ankistrodesmus, Chla-
mydomonas, Tetraselmis, Nannochloropsis, Botryococcus, Neochloris, etc.
are well studied in terms of lipid accumulation [86,87]. Depending on
the species, they can accumulate considerable quantities of tri-
acylglyceride (TAG) as a storage lipid under photooxidative stress or
other harsh environmental conditions (Table 3).

Metabolic engineering, which aims to disrupt competing metabolic
pathways, is an efficient method for boosting lipid accumulation in
microalgal cells. It is possible to enhance the directional metabolic flux
towards lipid biosynthesis by blocking the carbohydrate synthesis
pathway, namely enzymes operation, because carbohydrate and lipid
synthesis share common carbon precursors in microalgae. Consequently,

catalyst

inhibiting ADP-glucose pyrophosphorylase, which catalyses starch syn-
thesis, increased TAG accumulation in Chlamydomonas from 2 to 20.5
% of dry weight. Inhibiting UDP-glucose pyrophosphorylase (UGPase)
activity can result in lipid overproduction. Consequently, using an
effector, the TAG content was raised 45-fold by disrupting the UGPase
gene in the Phaeodactylum tricornutum strain [97]. Knockdown of the
phosphoenolpyruvate carboxylase (PEPC) isoform mRNA by RNA
interference increased the TAG content in wild Chlamydomonas rein-
hardtii from 2.77 to 3.33 % of dry weight [98]. Knockdown of multi-
functional lipase/phospholipase/acyltransferase in the diatom
Thalassiosira resulted in a fourfold increase in TAG. Overexpression of the
plastid lysophosphatidic acid acyltransferase in Neochloris oleoabundans
also contributed to a 2.4- and 2.8-fold increase in lipid and TAG pro-
ductivity, respectively [99]. Thus, blocking competing metabolic path-
ways, especially PEPC, is a promising target for genetic transformation.
In general, multiple studies have thoroughly examined the currently
available arsenal of metabolic engineering techniques for increasing
lipid productivity [100 — 102]. It should be highlighted that they are
particularly relevant for fast-growing, productive cyanobacterial strains
that have a low lipid content and hence aim to increase their lipid
productivity. Many of these genetic engineering options encourage the
investigation of microalgae as a possible source of biodiesel feedstock
[102,103].

Furthermore, not only high lipid productivity, but also the correct
fatty acid profile, are important parameters in the selection of micro-
algae species for biodiesel production. An important parameter deter-
mining the quality of biodiesel fuel is the composition of fatty acid
esters, the structure of which influences the key properties of the biofuel,
in particular the cetane number, ignition temperature, viscosity,
oxidative stability and flowability at low temperatures [87]. Biofuels
containing compounds with a large number of saturated bonds are
characterized by higher oxidative stability; polymerization of glycerol
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does not occur during combustion, which significantly increases engine
reliability [104]. Among the fatty acids, the chemical compositions
C10:0, C16:1, and C18:1 are important for biodiesel production.

Mutagenesis and genetic engineering can also be used to change the
quantitative and qualitative composition of lipids in biodiesel pro-
ducers. For example, the mutant strain of Isochrysis sp. obtained
through induced mutagenesis accumulated up to 52.3 % saturated fatty
acids and 29.3 % monounsaturated fatty acids, with a significant 1.3-
fold increase in C16-C18 content compared to the original wild-type
strain, allowing us to consider it a promising candidate for biodiesel
production [105]. Starch-free mutant strains of the microalga Scene-
desmus obliquus accumulate up to 45 wt% of the biofuel precursor tri-
acylglycerol, according to Jaeger et al. [106].

Thus, in determining the potential of microalgae for biodiesel pro-
duction, it should be noted that they are extremely prolific, develop
biomass rapidly, and may accumulate 50-300 times more lipid product
than other sources [107]. However, even though biodiesel production
from microalgae is not yet commercially established due to high capital
costs, substantial progress in technological and economic development
has been accomplished in this system in recent years.

Several feasibility studies have found considerable variances in
production costs due to both varied growing conditions and different
processing methods, resulting in varying biofuel costs. Additionally, the
region where the production is located, which impacts the number of
working days, salaries, and energy costs, are major criteria influencing
the cost of biodiesel production from microalgal biomass [108]. The cost
of biodiesel from microalgal biomass was estimated to be $13.31 per
gallon on average, depending on the cultivation procedure, biomass
yield, lipid content, extraction technologies, and production scale [109].
Kang S. (2019) related lipid accumulation efficiency to strain species
characteristics; in this context, the cost of biodiesel production he
calculated varied by species and was 6.5, 7.0, and 8.3 USD/kg for
Chlorella vulgaris, Tetraselmis suecica, and Nannochloropsis, respectively
[110]. According to Batan et al. (2016), the cost of 3.46 USD/L algal
biodiesel for an annual photobioreactor production of 37.85 million li-
tres of biofuel is reliant on market access to related products. This pre-
supposes that the crops are used to produce a higher value co-product in
addition to fuel and energy [111]. The main strategies for reducing the
cost of algal biodiesel described in the literature are listed in Table 4.

Among the primary cost-cutting strategies for algal biodiesel, I would
like to highlight the integration of biofuel production with the associ-
ated production of other valuable products, biologically active sub-
stances, and other types of biofuels, which provides an opportunity to
increase economic competitiveness. Furthermore, when microalgal
biomass production is integrated with wastewater treatment in biore-
mediation processes, further economic benefits can be realised.

Table 4
Main strategies to reduce the cost of algal biodiesel.
Initial cost of Strategy applied Final cost of Reference
biodiesel, $/L biodiesel, $/L
9.9 Obtaining highly productive 4.5 [112]
strains (lipid accumulation)
3.02-3.06 Development of highly 2.92 [113]
efficient dehydration and
extraction technologies
2.26 Use of cheap raw materials 0.50 [114]
12.6 (flue gases, wastewater): 4.8
e Open systems
e Photobioreactor
17.26 Integration with obtaining 13.73 [108,115,116]
3.90 other valuable products: 0.54
72 47
e Protein
e Astaxanthin
e Biogas
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Numerous studies, for example, have established the feasibility of pro-
ducing oleaginous microalgae in wastewater, with microalgae demon-
strating substantial effectiveness in removing contaminants from
wastewater and enriching lipids [117]. The utilization of wastewater
and flue gases in the production of biodiesel microalgae is a key part of
the development process since it may greatly cut production costs,
thereby lowering the cost of biodiesel.

3.3. Biohydrogen

Biohydrogen, as a gaseous fuel, may currently offer the least painless
transition to more promising forms of energy from an environmental
point of view. With the concept of the ‘green economy’, hydrogen (Hy) is
a promising, eco-friendly, and carbon-free energy source with high-
energy density (142 kJ g™!) and practically the only fuel with water
as the combustion product. However, the current commercial-scale Hy
production strategies such as natural gas/oil steam reforming, coal
gasification, biomass gasification/pyrolysis, water electrolysis and
thermolysis are environmentally harmful and energy-intensive
[118,119].

Hy can be produced in two ways by microalgae, which are water
biophotolysis and dark fermentation using hydrogen-producing bacte-
ria. Microalgae-based Hy production via water biophotolysis is attract-
ing the attention of researchers since microalgae potentially do not
require organic carbon and can produce Hy from water and sunlight. The
production of hydrogen is associated with the implementation of
oxygenic photosynthesis by microalgae, where oxygen and hydrogen are
formed simultaneously, but in different photosystems [120,121]. How-
ever, the high sensitivity of hydrogenase to oxygen inhibits the process
of hydrogen production. Therefore, stressful conditions are created, such
as sulfur and oxygen starvation to increase the duration of the process of
hydrogen evolution. The creation of such conditions contributes to a
decrease in the level of activity of photosystem II, which leads to
reversible inactivation of oxygen evolution and, thus, an increase in
hydrogenase activity and H; production. The main studies were carried
out with a strain of green microalgae Chlamydomonas reinhardtii in this
direction [122]. The strains Scenedesmus obliquus, Tetraspora sp., Chlor-
ococcum littorale, Platymonas subcordiformis, Chlorella vulgaris, and
Chlorella fusca also have hydrogenase activity [69]. Bio-Hy production
by various microalgae strains is shown in Table 5.

Despite the ability of microalgae to produce hydrogen, the rate of
formation is low and does not exceed 3 ml 17! h™?. The existing flaws of
photosynthetic bio-Hy production by microalgal cells, such as O,
sensitivity, make it difficult to commercialize the process. Therefore, at
present, research in this area is aimed at developing various methods for
improving hydrogen production by direct biophotolysis [132,133].

So, in addition to employing sulfur starvation to increase hydroge-
nase activity, researchers have focused on the use of various chemical
adsorbents. The use of oxygen adsorbent significantly increased hy-
drogenase activity, while the microalgae culture remained photosyn-
thetically active during the Hy production phase [134]. Treatment with
NaHSOg3 effectively inhibited photosystem II activity, resulting in
decreased O, content and increased hydrogenase activity and, accord-
ingly, a 200-fold increase in Hy production in Chlamydomonas reinhardtii
[135]. Many research works are devoted to promoting hydrogenase
activity by creating mutant strains of microalgae. Basically, these mu-
tations aim to modulate photosynthetic electron flow by redistributing
light-harvesting complexes between PSII and PSI, resulting in high
starch accumulation, which is critical for subsequent PSII-independent
hydrogen production [136]. Thus, mutants of the microalgae
C. reinhardtii with reduced levels, activity, and stability of RuBisCO were
obtained, which demonstrated higher hydrogen production compared to
the wild type [137].

Overexpression of type Il NADH dehydrogenase was achieved in the
C. reinhardtii CrNDA2 transplastomic mutant using plastid genome
transformation [138,139]. Under conditions of sulfur starvation, this
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Table 5
The bio-H; yield produced by various microalgal strains.
Microalgae strain Pre-treatment Operating condition Hydrogen yield, Reference
pmol Hp/mg Chl/h
C. reinhardtii CC124 Short anaerobic induction, Calvin-Benson- 22 °C, 80-90 pmol photons/m2/s PAR high-salt (HS) medium 500 [123]
Bassham cycle inactive by substrate supplemented with HAS, TP) or TAP, chl content 50 pg chl (a + b)/
limitation ml
Tetraspora sp. Immobilized in alginate beads Photoperiod production in TAP-S at 20 yEm 25~ (PAR) and 36 °C ~ 123.1 [124]
CU2551
Chlamydomonas Immobilized in alginate beads anaerobic condition, sulphate free medium, at 25 °C, pH 7 and 12.5 [125]
reinhardtii intensity of 62 pE/mZ/ s
C. vulgaris BELJ strain ~ Direct bio-photolysis light conversion efficiency (light to Hy) of 7.7 % (average 3.2 % 0.8 [126]
G-120 (Light and dark culture)
Chlamydomonas Immobilized in alginate beads 14 h sulfur depleted photoperiod at 75 pmol photons m~2 s~ (PAR) 25 [127]
reinhardtii and 25 °C
C. reinhardtii Co-culturing with bacteria Pseudomonas 24 °C, PPFD of 60-90 pmol photons m 2.571, acetic acid 40.8 [128]
putida, Escherichia coli, Rhizobium etli concentration 17.4 mM, pH 7.2
C. reinhardtii Immobilized in alginate beads Sulfur-depleted culture medium TAP-S used at 28 °C, pH = 7.2 12.5 [129]
L159I-N230Y
C. reinhardtii CC124 Genetic and metabolic engineering of Photomixotrophically grown cultures used in the batch process 31.2 [130]
C. reinhardtii regime at 140 pE/m?/s in sulfur depleted TAP-S medium
Chlorella sp. KLSc61 Normal cells Continuous shaking in normal TAP medium at 120 rpm, 45.9 pmol 753 [131]
photons m~2 5! light
Tetraspora sp. Immobilized alginate matrix 129 pmol photons m~2 57!, 24 h, 36 °C, pH 7.2, TAP-S in air 17.5 [124]

CU2551

mutant demonstrated higher production of hydrogen via the indirect
pathway compared to the wild type. Other researchers using the same
model organism Chlamydomonas reinhardtii have constructed and tested
the ferredoxin hydrogenase fusion protein in vivo [140]. They showed
that the Fd-HydA fusion enzyme, which is characterized by a higher
resistance to oxygen than native HydA, is able to intercept photosyn-
thesis electrons and use them to produce hydrogen, while the rate of
photosynthetic hydrogen production increased by 4.5 fold. The second
way to produce hydrogen based on microalgae is dark fermentation
using hydrogen-producing bacteria, where microalgae act as feedstock
[141,142]. Although there has been research in this direction in recent
years, the potential of biohydrogen production is usually low, and a
pretreatment step is required to convert polymeric carbohydrates into
monomeric sugars to increase their availability to microbes. Data are
presented on physical, chemical and biological methods of pretreatment
of microalgae biomass to facilitate the depolymerization of carbohy-
drates and thus increase the production of biohydrogen [143,144].
Despite the existing prospects for photobiological Hy production by
microalgal cells, there are still difficulties that stand in the way of large-
scale production. The level of microalgae-based Hy production is
currently insufficient for commercial production as a competitive energy
carrier, at the current state of science and technology development,
production will cost more than conventional fuels in most countries of
the world [145].

The main issue is the low ability of microalgae to produce Hy. This
factor has the potential to be a significant impediment to the develop-
ment of photobiological Hy production as a fuel, necessitating a thor-
ough examination of the processes involved in increasing microalgal Hy
productivity [146].

4. Carbon dioxide bioconversion into valuable products

It is well known that climate change and its consequences cannot be
solved without acknowledging the key role of industrial and food pro-
duction systems in the climate crisis and its preservation. The products
enter global processing and transportation chains, generating large
amounts of byproducts and wastes with high carbon emissions. Fossil
fuels are used at almost every stage of the food supply chain, from
chemicals (pesticides and synthetic fertilizers) to fuel-consuming agri-
cultural equipment and processing, packaging, and transportation,
which account for 44-57 % of total GHG emissions. Consequently, the
global food supply system is a major contributor to global warming and

environmental degradation [147].

The “carbon neutrality” concept encompasses not only direct stra-
tegies to remove GHGs from the atmosphere but also a variety of
compensation projects aimed at improving the ecological state of envi-
ronmental matrices. Simultaneously, these projects should not only be
understood as afforestation projects, but also as projects aiming at sus-
tainable development, such as the development of technologies to in-
crease crop yields and livestock productivity, and the development of
low-waste or waste-free technologies in the polymer industry. Micro-
algae have significant potential for agricultural biotechnology, medi-
cine, and the polymer industry due to their large metabolic capacities
and high productivity.

4.1. Microalgae-based bioplastic

Global demand for plastic-based materials is increasing dramatically,
emphasizing the workload on existing infrastructure. The increasing use
of petroleum-based materials endangers the environment, particularly
the marine ecosystem. Significant amounts of GHGs are released during
the extraction and transportation of fossil fuels used to manufacture
plastics [148]. Direct emissions can be identified as follows: methane
(CHy4) leakage and combustion; fuel combustion and energy consump-
tion during field development; and disturbance of the natural landscape
(forests and fields) beneath wells and pipelines. In countries where
crude oil is the primary raw material for plastics production, its
extraction and transportation emit approximately 108 million tons of
CO» annually [149] In 2015, global emissions from ethylene cracking
ranged between 184.3 and 213.0 million tons of CO2, which is roughly
equivalent to the emissions from 45 million passenger cars in a single
year [150]. Therefore, bioplastics derived from renewable sources are
known to be more environmentally friendly, sustainable, biodegradable,
and have a lower carbon footprint than petroleum-based plastics. Global
bioplastics production is currently around 750,000 ton yr~?, and major
industrial companies that produce bioplastics are Nature Works (pro-
ducing 140,000 ton yr~! of polylactic acid, PLA) and Novamont (pro-
ducing 35,000 ton yr’1 of starch-based bioplastics) [151]. Renewable
(made from plants and renewable sources), petroleum-based (made
from petroleum-based plastics but biodegradable), and hybrid (a com-
bination of petroleum-based and biological sources) bioplastics are three
main types of bioplastics [152].

Nowadays, bioplastics are produced from land crops such as maize
and potatoes, thereby competing with the food supply. Furthermore,
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producing bioplastics from plants necessitates large areas, water, and
nutrients [153]. Numerous studies have shown that this type of bio-
plastic production is not sustainable in the long term [154,155].
Microalgae could be the best biomass source for bioplastics production
as they do not compete with the food supply, can grow on waste and
overproduce lipids [156]. In addition, bioplastics derived from micro-
algae are more sustainable, contributing to the circular bioeconomy
[157]. Bioplastics derived from microalgae have applications in food
packaging, pharmaceuticals, and cosmetics.

Production of microalgae-based bioplastics includes the following
approaches: blending of biomass with synthetic polymers; blending of
biomass with bioplastics; using biomass as feedstock for the production
of polyhydroxyalkanoates (PHA); cellulose/lipid-based plastics; and the
intermediates for PLA processing, i.e., production of lactic acid using
microalgae as a substrate for microbes and subsequent advanced poly-
merization processes. Microalgal biomass can be blended with
petroleum-based plastics such as HDPE (high-density polyethylene),
LDPE (low-density polyethylene), PVC (polyvinyl chloride), PP (poly-
propylene), and PLA to effectively extend shelf life and improve the
mechanical properties of microalgae-based bioplastics [158]. Due to the
high protein content, two widely known microalgae, Chlorella (51-58
%) and Spirulina (46-63 %) are suitable for bioplastics production [159].
Furthermore, their relatively small cell sizes benefit not only the film
and fiber markets where particle size is a limiting factor but also bio-
plastics production, as the pre-treatment stage can be skipped, resulting
in cost-efficient large-scale production with reduced waste generation
[160].

To improve the flexibility of the S. platensis-derived plastic, glycerol
was added in different concentrations (15-30 %). The bioplastic with 30
% glycerol addition had higher tensile strength but lower elongation
compared to commercial plastic bags. Therefore, this type of bioplastic
can be used in industries that do not require high elongation, such as
food packaging, pharmaceutical applications, or cosmetics [161].

Among various strains of microalgae (including cyanobacteria)
selected from the high-rate algae pond (HRAP), Microcystis aeruginosa
demonstrated the highest PHB concentration (0.49 + 0.5 mg ml™1).
However, the biomass obtained from the HRAP was dominated by
Microcystis sp., which had a higher concentration (0.7 mg mlfl),
consequently, its biomass was used for bioplastics production due to the
higher PHB concentration. The elongation at break (%) of microalgae-
derived bioplastics was 530 % higher than the control (307 %). It can
be concluded that microalgae-based bioplastic has good plasticity [162].

Microalgae have also been considered as a new source for starch-
based bioplastics production [163]. C. sorokiniana biomass has been
used to produce starch granules (1 pm). The use of ultrasonic homoge-
nization before mixing can improve the uniformity and surface prop-
erties of the produced Chlorella-polyvinyl alcohol (Chlorella-PVA)
blends, providing an alternative for food packaging [164].

Mathiot et al. (2019) conducted research on microalgal strain se-
lection for the manufacturing of starch-based bioplastics. They selected
10 microalgae strains, including Chlamydomonas, Chlorella, and Scene-
desmus. The algal strains were cultivated on a low-sulfur TAP medium at
25 °C with a light intensity of 125 mol m ! s™! and a pH of 7.2-7.4.
Chlamydomonas reinhardtii was found to be the most efficient strain for
bioplastic production, with a starch to biomass ratio of 49 % in the
medium and excellent plasticization with 30 % glycerol at 120 °C [163].
The ability of the starch-enriched microalgae to plasticize uniformly
with glycerol in a twin-screw extruder was confirmed by microstructural
characterization, implying that microalgae could be used as a new
platform for bioplastic production.

Similarly, Kavitha et al. optimised the growth conditions for poly-
hydroxybutyrate (PHB) production from wastewater using Botryococcus
braunii. The greatest PHB production (247 0.42 mg 1™1) was produced at
a concentration of 60 % wastewater as culture medium at 40 °C and pH
7.5, according to the data collected [165]. According to Das et al. the
microalgae biomass remaining after lipid extraction can also be used for
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the production of bioplastics, and the result shows a PHB content of 27
% [166].

Microalgae and cyanobacteria, like seaweed, are the raw materials of
third-generation bioplastics. Indeed, third-generation bioplastics have
received less attention since most of them are not yet commercially
viable, and progress in this area has been slow. It is impossible to tell
how much bioplastic based on microalgae is currently produced in this
context. This area of research, however, is important and should be
developed and considered as one of the weapons in the fight against
climate change, as microalgae are fast growing photosynthetic organ-
isms with the potential to convert 9-10 % of solar energy into biomass
with a theoretical yield of about 77 g/biomass/m?/day, which is about
280 t/ha/year. Each year, the microalgae industry produces around
7000 tons of dry biomass, reflecting the worldwide market, with reve-
nues ranging from US$3.8 to US$5.4 billion [167]. These numbers
demonstrate the interest of various industries, notably the packaging
materials industry, in adopting biomass as a safe and sustainable solu-
tion. The intriguing and diverse composition of microalgae sugars and
polysaccharides such as starch, cellulose, lignin, and chitosan underpins
their potential for producing biodegradable, carbon-neutral polymers.
As a result, microalgae-based bioplastics are being considered as an
alternative to conventional plastics, which play an important role in
environmental conservation [164].

4.2. Microalgae-based biofertilizers

The agricultural sector, using about 11 % of all available cultivated
land and consuming up to 70 % of all fresh water, as well as consuming
up to 30 % of the total energy supply, emits 10 Gt CO; per year and
contributes significantly to emissions of greenhouse gases such as CHy
and nitrous oxide (N,O) [168].

In addition, many countries are currently experiencing significant
deterioration of agricultural soils, pesticide pollution and a decline in
natural fertility, leading to reduced crop quality, significant damage to
human health and a massive economic and environmental crisis. Un-
doubtedly, the use of chemical fertilizers can provide high yields, but
their rash use has a number of negative consequences, including
chemical oversaturation of food crops, pollution of groundwater and the
atmosphere due to the accumulation of xenobiotics in the soil, and
changes in the natural soil microbiome [169].

CO2 emissions from the large amounts of fossil fuels used in the
production and transportation of chemical nitrogen fertilizers also
contribute to climate change. In addition to CO, emissions from chem-
ical nitrogen fertilizer plants also contain Hy, NH3 and carbon monoxide
(CO). In addition, excessive use of chemical fertilizers causes acidifica-
tion and hardening of the soil, which reduces root strength and respi-
ration and leads to a decrease in the population of beneficial
microorganisms, and thus leads to loss of soil fertility [170]. Therefore,
the revival of organic farming, the core of which is the use of the po-
tential of natural living systems, in particular phototrophic microor-
ganisms, is an effective solution to existing problems [171].

Many studies have shown that phototrophic microorganisms are
increasingly used not only in bioremediation and biofuel production, but
also in agriculture since microalgae can produce a wide range of
bioactive compounds such as plant growth-promoting substances (e.g.,
phytohormones), amino acids, carotenoids, and phycobilin [172,173].
These compounds promote plant productivity by improving growth and
conferring resistance to pathogens at a low environmental cost [174].
Green microalgae (C. vulgaris, Scenedesmus obliquus, Scenedesmus acutus,
Scenedesmus quadricauda, and Scenedesmus spinosa) and Nj-fixing cya-
nobacteria (family Nostocaceae) are used for the above purposes.

Phototrophic microorganisms play an important role in maintaining
soil fertility and therefore serve as natural biofertilizers [175]. The main
functions of microalgae and cyanobacteria:

e improving the porosity of soil and produce adhesive substances;
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e produce phytohormones (auxins, gibberellins, etc.), vitamins, and
amino acids;

improve the water-holding capacity of soil due to its gelatinous
structure;

increase soil biomass after death and decomposition;

reduce soil salinity;

weed control;

improves phosphates availability in soil by releasing organic acids;

efficient uptake of heavy metals by microbial surface (bioremedia-
tion) [176-178].

Auxin, cytokinin, abscisic acid, ethylene, and gibberellin are phyto-
hormones found in microalgae extracts that play an important role in
regulating plant growth and development. Accordingly, microalgal ex-
tracts can be used as sustainable sources for plant biostimulation
[179,180]. Auxins (indole-3-acetic acid (IAA) and indole-3-butanoic
acid (IBA)) being the key regulators of many developmental processes,
including cell division and elongation, can either stimulate or inhibit
plant growth and metabolism. Plant physiological processes such as root
and shoot development, leaf senescence, nutrient mobilization, and seed
germination, rely on cytokinins [181], whereas gibberellins can stimu-
late cell division, induce pigments and proteins accumulation, and
promote cell elongation and expansion [182]. Ethylene is a gaseous
phytohormone that protects plants against abiotic stresses like drought,
cold temperatures, and high salinity, as well as biotic stresses like
pathogen invasion. Thus, phytohormones, by interacting with each
other and forming networks, not only influence plant growth and
development but also activate defense systems against phytopathogens.

Recent experiments on the effects of microalgae in the field and
greenhouse conditions have revealed that they stimulate germination,
seedling and shoot growth, and root biomass of some crops such as
lettuce, red amaranth, tomatoes, and peppers [183]. Growth stimulation
(fresh (FW) and dry (DW) weights) was observed in lettuce germinated
on a medium containing C. vulgaris extract (2 and 3 g dry microalgal
extract per 1 kg soil) [184]. The observed improvements in plant growth
(i.e., shoot growth, root DW and length) were linked to enhanced
biosynthesis of carotenoids (Cars) and chlorophyll pigments (Chls),
which may have led to improved photosynthetic activity. Similarly,
Spirulina platensis application improved plant growth in several leafy
vegetables, including arugula, red spinach, and bak choi [185]. Micro-
algal extracts were also found to be beneficial for fruiting vegetables
such as tomatoes and peppers [186,187]. Sowing and foliar application
of aqueous cell extracts or dry biomass of the green alga Acutodesmus
dimorphus promoted germination, plant growth, and flowering of tomato
plants [8]. Surprisingly, a bell-shaped concentration-response curve was
observed with maximum plant growth performance achieved at an
extract concentration of 3.75 g ml~*. Spraying of polysaccharide extract
of the blue-green alga S. platensis at 3-day intervals increased plant size,
root DW, nodule size and quantity in tomato and pepper by up to 100
and 50 % [186,187].

The application of microalgal extracts can also help plants to cope
with the two main abiotic stresses, salinity and drought [187]. The
exopolysaccharides of D. salina mitigate the effects of different salinity
levels on tomatoes by increasing the activity of antioxidant enzymes,
phenolic compounds, and key metabolites of mechanisms against
oxidative stress such as neophytadiene, tocopherol, stigmasterol, and
2,4-di-tert-butylphenol [187]. Salt content in wheat was also reduced by
using aqueous extracts of Chlorella ellipsoida and Spirulina maxima. This
effect can be triggered by the stimulation of antioxidant components and
protein content [188].

Plant biostimulation using microalgae may also influence microbial
communities in the phyllosphere and rhizosphere [189]. Inoculation
with blue-green algae, such as Calothrix elenkinii, for instance, stimu-
lated their microbiomes. Exopolysaccharide production is one of the
main mechanisms for improving soil microbial community in response
to blue-green algae inoculation. Exopolysaccharides, which are secreted
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by many microalgal species, provide organic carbon for the growth and
development of beneficial microbial strains, resulting in the formation of
useful biofilms in the rhizosphere [190]. Their interaction with elements
in soil aids in the dissolution, mineralization, and bioavailability of
macro- and microelements, thus improving yields.

One of the advantages of utilizing microalgae-based biofertilisers is
that they reduce greenhouse gas emissions by sequestering methane and
CO4 in the soil via adding more organic carbon. This is the ability to
capture COz in the soil as bicarbonate in a non-gaseous state to fertilise
plant development. Bicarbonate is the major form of CO; in the soil at
moderate pH (~ 7) and temperature (below 30 °C), and algae with
active bicarbonate pumps can concentrate bicarbonate in the cell. The
bicarbonate is then dehydrated either spontaneously or by carbonate
anhydrase and the resulting CO, is captured by Calvin cycle activity,
eventually in the form of microalgal biomass. For every g of microalgal
biomass, 1.6 to 2 g of CO5 are captured. According to Castro et al., 1 kg
of microalgae-based biologics can sequester up to 3.17 kg of CO, while
simultaneously improving plant development. Therefore, the use of
biofertiliser ived from microalgae, which has a beneficial environmental
impact, can be viewed as one of the approaches to reduce carbon
emissions and improving the climate [191].

4.3. Microalgae-based biologically active compounds

The studies on microalgae are particularly important as a valuable
source of natural active additives. Microalgae-based biologically active
compounds (BACs) can be obtained directly through primary meta-
bolism (proteins, FAs, vitamins, and pigments) or synthesized through
secondary metabolism [192,193]. Many of them (cyanovirin, oleic acid,
linolenic acid, palmitoleic acid, vitamins E and B12, p-carotene,
phycocyanin, lutein, and zeaxanthin) have antifungal, antiviral, anti-
microbial, antioxidant, and anti-inflammatory properties and can be
used to treat and prevent diseases. BACs are generally accumulated
intracellularly in microalgal biomass, though in some cases, these me-
tabolites are also excreted into the environment (exometabolites).

Many BACs are natural metabolites of microalgae. These compounds
have piqued the interest of scientific and industrial communities in
recent years due to a wide range of applications such as human foods
and animal feeds, as well as medical and pharmaceutical industries.
Taking into account the enormous biodiversity and recent advances in
genetic engineering, microalgae can produce a wide range of chemical
compounds with diverse biological activities, including carotenoids,
phycobilins, polyunsaturated FAs, proteins, polysaccharides, vitamins,
and sterols [192,193].

The extraction of BACs from various microalgae such as Arthrospira
(Spirulina), Botryococcus braunii, Chlorella vulgaris, Dunaliella salina,
Haematococcus pluvialis, and Nostoc has been reported. The microalga
Chlorella contains BACs (flavonoids, terpenoids, alkaloids, glycosides
and saponins) with medicinal properties, namely antitumor, anticoag-
ulant, antibacterial, antioxidant, and antihyperlipidaemic effects, as
well as the hepatoprotective property and immunostimulatory activity
of the enzymatic protein hydrolysate [194]. Many antioxidant com-
pounds may be responsible for the functional activity of Chlorella. An-
tioxidants that have been identified as active against free radicals
include lutein, a-carotene, B-carotene, ascorbic acid, and a-tocopherol.
Some of them are important not only as natural colorants or additives,
but they can also help slow down cancer rates and prevent macular
degeneration. For example, the isolated peptide Chlorella vulgaris is able
to inhibit AGS gastric carcinoma cells after G1 phase of cell cycle, with
subsequent prevention of cell growth. This peptide showed an
improvement in antioxidant properties against peroxyl radicals (LOO)
by 26-fold as compared to the reference compound (Trolox) [195]. The
main bioactive compound of Chlorella is «-1,3-glucan, an immune
stimulant that lowers free radicals and blood cholesterol levels. It is
effective against stomach ulcers, sores, and constipation, having a pre-
ventive effect against atherosclerosis and hypercholesterolaemia, as
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well as possess antitumor effect.

Chang et al. [196] investigated substances derived from Dunaliella
and identified antibiotic properties that inhibited the growth of Staph-
ylococcus aureus, Bacillus cereus, Bacillus subtilis, and Enterobacter aero-
genes. Furthermore, Dunaliella demonstrated antimicrobial activity
against several food-related pathogens, including Escherichia coli
Staphylococcus aureus, Candida albicans, and Aspergillus niger.

Nowadays, natural dyes are steadily replacing chemically-
synthesized ones, though the food industry emphasizes the latter.
Moreover, public awareness of synthetic dyes endangering human
health and the environment is increasing dramatically [197,198]. In this
context, phototrophic microorganisms are regarded as important sour-
ces of natural pigments (Chls, Cars, and phycobiliproteins (PBPs)) [199].
Due to their antioxidant and immunomodulatory properties, microalgal
pigments are currently used as dyes for the production of colored foods
such as dairy products and confectionery. For example, Dunaliella salina,
which grows under high salinity and light intensity conditions, produced
14 % of the dry biomass weight of carotenes, which are widely used as
food additives and dyes [200]. The freshwater microalgae Haemato-
coccus pluvialis, which contains more than 3 % dry weight biomass, is the
best source of astaxanthin production on a large scale. Having the
strongest anti-oxidative properties among carotenoids and other health
benefits, natural astaxanthin is used in nutraceuticals and cosmetics, and
in some countries, occasionally, to fortify foods and beverages
[201,202].

Thus, the sequestration of carbon dioxide during the mass cultivation
of microalgae makes it possible to obtain valuable biomass, which is a
source of active biological components with the potential to be used in
functional food supplements, as well as nutraceutical, cosmetic and
pharmaceutical products.

5. Problems and development prospects

Despite their effectiveness, conventional carbon capture and storage
methods currently under consideration are both unsafe and economi-
cally unviable due to the threat of possible CO5 leakage poses to the
environment [203]. Carbon capture by microalgae cells on industrial
scale can be viewed as a novel cost-effective method for storing CO, and
converting it into biofuels and other valuable bioproducts including
biofertilizers, dietary supplements, and bioplastics. However, there are
still several problems and limitations in this technology, which hinder its
industrial application and the development of various innovative ap-
proaches and strategies are required [204,205]. Among them, the
following main points can be noted:

1. Insufficient knowledge of thermodynamic and kinetic studies of the
CO, absorption process. The effect of various microenvironmental
conditions on the mechanism of CO, fixation is also not well un-
derstood [206,207]. Additional scientific studies are required to
provide data to quantify and support industrial CO5 uptake [205].

2. Inadequately high activity of microalgae as prospective biofuel
producers lead to low yield of the final product. Although photo-
trophic microorganisms have a high metabolic capacity for the
production of biofuels, their capacities are insufficient for the
industrial-scale production of fuel [206,207]. The constant search for
novel superior strains is pertinent and important to address this
issue. Since the conditions of high biomass productivity and high
accumulation of metabolites for fuel production have an inverse
relationship, various approaches are employed to optimize the
fermentation condition to increase the yield of metabolites. The
discovery and application of genetic and metabolic engineering of
microalgae is the primary focus for increasing directed biochemical
productivity [208,209]. Therefore, investigations on genome
sequencing and characterization of metabolic fluxes at the genome
scale are essential for the accumulation of TAG in microalgae to in-
crease lipid productivity [210,211]. In this case, it is necessary to
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manipulate the key genes responsible for lipid biosynthesis. Genetic
engineering not only solves the possibility of excessive accumulation
of carbohydrates by cells of phototrophic microorganisms for the
production of butanol and ethanol [212,213], but also helps address
the problems associated with finding superior microalgae strains that
can produce alcohol [212].

3. There is a need to establish an efficient and cost-effective microalgae
cultivation system. Microalgae cultivation is a complicated process
that involves mass and heat transfer, lighting conditions, and bio-
logical interactions [213,214]. There is currently no theoretical
framework for system design and calculations for estimation of flow
and mass transport in microalgae cultivation system [215]. The
photokinetic, photovector, and photophobic reactions of cultures, as
well as the adaptability and growth conditions of many algae species
in the natural environment, have not been thoroughly examined. It is
widely acknowledged that the optimal cultivation method for carbon
biocapture is outdoor microalgae production. However, the possi-
bility of bacterial, fungal, and protozoan contamination can prevent
their commercial production as well as reduce system efficiency
[216]. Photobioreactors, being closed systems for cultivation,
excluding the possibility of contamination of the culture medium
with foreign microflora, are a more suitable and efficient cultivation
system for industrial purposes. In this regard, there is a need for
additional research and development aimed at overcoming the dif-
ficulty of cultivation processes, with a focus on establishing a control
system and creating photobioreactor systems for mass cultivation. In
particular, the design of specific photobioreactors must be consid-
ered while developing appropriate instrumentation for this process.
It is necessary to take a novel approach to the design improvement of
photobioreactors intended for the large-scale production of biofuels
because the requirements for the technical design of photo-
bioreactors intended for the cultivation of microalgae for large-scale
production of biofuels may differ from those for fermenters intended
for the production of their biomass. Systems of photobioreactors
should be designed with the localization of culture growth processes
and metabolite production spatially separated, for instance in the
case where the synthesis of gas or the accumulation of other me-
tabolites (lipids, carbohydrates) requires the use of other nutrient
media and other equally important conditions for the cultivation of
these phototrophic microorganisms. It is also possible to consider the
development of various large-scale photobioreactors that use COy
from flue gases released directly from industrial plants to produce
algae on an industrial scale.

4. The high cost of substrate is another significant barrier in using
microalgae to achieve carbon neutrality [217,218]. In large-scale
microalgae cultivation, there is a large demand not only for water
and CO; but also for nitrogen, phosphorus, sulfur and iron, which is
considered another serious obstacle [175-177]. The optimal amount
of these nutrients required for mass production must be determined
through cost-benefit analysis to maximize economic gain.

5. It is necessary to optimize and improve the methods of biomass
processing to extract the necessary biocomponents. The success of
this technology is greatly influenced by the improvement of biomass
separation techniques, the selection of solvents, and their ratios. For
example, existing techniques for extraction of lipids from microalgae
biomass include the use of a variety of expensive yet harmful
chemical solvents, which not only have severe impacts on the envi-
ronment and human health but also raise the cost of the final product
[219]. To reduce the cost of biomass pretreatment, more research is
required to identify and create cutting-edge solutions without sol-
vent extraction or drying of the algal suspension.

The main problems of CO, utilization based on microalgae and
possible solutions are shown in Fig. 2.

The creation of appropriate policies and the distribution of subsidies
geared at assisting the biotechnology and bioenergy sectors are
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Main Bottlenecks
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Fig. 2. The main problems of CO, utilization based on microalgae and possible solutions.

particularly necessary for addressing the significant constraints
mentioned above. Thus, first of all, measures should be taken to stim-
ulate the production of bioenergy, and programs for the development of
biotechnologies should be developed and implemented, in which bio-
energy plays a significant role. Undoubtedly, the development of this
bioenergy sector will take quite a long time, however, as believed by
many analysts, the development of microalgal energy can satisfy the
growing needs of the world’s population for fuel while assuring envi-
ronmental safety [220-224].

In this regard, the primary subsidies and investments should now be
dedicated primarily to the basic scientific research in carbon seques-
tration and bioconversion by microalgae cells into biofuels and other
valuable goods [225,226]. Therefore, further research into creating
superior microalgae strains using the aforementioned genetic and
metabolic techniques is required for the cost-competitive production of
biodiesel, hydrogen, and biobutanol. In addition, the advancement of
systems biology using widely available genomic tools, high-throughput

12

technologies, and genetic engineering make it possible to obtain
microalgae strains with the appropriate genotype [72,227]. The intro-
duction and development of synthetic biology make it possible to indi-
vidually design microalgae cells with the necessary reactions that
determine them as competitive producers of biofuel cells.

In addition, subsidies and investments should be allocated to the
development of infrastructure for the storage, transportation, scaling of
the technology for obtaining and using biofuels, while a significant share
of investments should be given to develop efficient processes for the
post-treatment of the obtained biofuels, all this requires large in-
vestments in equipment and cutting-edge, modern technologies [228]. It
is well known that adequate distribution infrastructure and outlets are
required before biofuel production and market expansion take place,
hence such governmental assistance is required.

In general, building a technological and technical foundation for the
growth of this bioenergy sector, implementing modern engineering de-
velopments, producing the necessary equipment, and funding regional
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projects for the production of energy and heat from biofuels all require
large financial investments and political support from the state. How-
ever, the price of crude oil is currently much lower than any biofuel
produced from microalgae, so it is not yet economically competitive
with fossil fuels. Establishing the process of large-scale production of
biofuels based on microalgae first demands capital and high operating
costs. Since up to 70 % of the cost must be invested in the cultivation and
harvesting of biomass, researchers are interested to the use of various
wastewater for large-scale cultivation of algae biomass [229]. It is
known that wastewater contains organic substances, the processing of
which, according to some data, makes it possible to obtain up to 6.5 MJ
kJ ! of chemical energy, which is 1 % of the total world energy [230].
This transformation of wastewater into energy involves the production
of biomass, which will later be converted into energy. Thus, the use of
large amount of wastewater for the cultivation of microalgae can
contribute to the development of waste-free, carbon-neutral, and envi-
ronmentally sustainable technologies. Also, the use of marine micro-
algae species suggests a reduction in freshwater sources pressure.

Thus, today microalgae, having outstanding characteristics, can be
considered a promising alternative raw material for various industrial
and environmental purposes. However, many efforts are required to
solve various problems in mass production of biomass for high-
performance biofuels and bioproducts, wastewater treatment, and COy
reduction. The microalgae biorefinery, a recently developed technology,
intends to address the significant issues raised above and make algae-
based biofuels a more sustainable and viable option. Additionally, it
contributes to CO, emissions reduction, attractive value-added bio-
product creation, and wastewater treatment using zero-cost technology.
By implementing various cost-cutting strategies, such as the utilization
of industrial flue gases and wastewater as sources of nutrients and car-
bon, the economics of these processes can be enhanced. The microalgae-
based biorefining process appears to be the most practical strategy for
competition with fossil fuels and creating a sustainable and renewable
source of bioenergy in the years to come.

6. Conclusions

The reduction of gas emissions and the development of renewable
bioenergy have become an integral part of economic policy. The use of
microalgae to reduce carbon emissions in the atmosphere can be a very
viable approach to ensure a sustainable environment, especially in
relation to the carbon footprint created by the transport sector. An
analysis of the literature data in this area showed that microalgae have a
high potential to solve this problem. Captured CO; from transport and
industrial sites can be used to improve the algae farming system, which
helps reduce CO; levels in the air. Microalgae, being natural absorbers of
COo, ensure the bioconversion of captured carbon dioxide into biofuels
and other valuable products. This cyclical process is consistent with the
concept of carbon neutrality. Microalgae, which have higher produc-
tivity, shorter doubling time, and a higher photosynthesis rate than
plants, can grow efficiently under both heterotrophic and mixotrophic
conditions in the presence of organic carbon compounds and thus follow
three different growth patterns able to withstand different environ-
ments, from freshwater to water with high alkalinity. The production of
mutant microalgae using genetic approaches, followed by the right
metabolic approach to increase the yield of the final product, and the
development of innovative methods for their cultivation will contribute
to the development of the sectors of bioenergy, polymer industry and
agrobiotechnology.
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