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Abstract: Increasing concentrations of carbon dioxide (CO2), one of the important greenhouse
gases, due to combustion of fossil fuels, particularly burning coal, have become the major cause
for global warming. As a consequence, many research programs on CO2 management (capture,
storage, and sequestration) are being highlighted. Biological sequestration of CO2 by algae is gaining
importance, as it makes use of the photosynthetic capability of these aquatic species to efficiently
capture CO2 emitted from various industries and converting it into algal biomass as well as a wide
range of metabolites such as polysaccharides, amino acids, fatty acids, pigments, and vitamins. In
addition, their ability to thrive in rugged conditions such as seawater, contaminated lakes, and even
in certain industrial wastewaters containing high organic and inorganic nutrients loads, has attracted
the attention of researchers to integrate carbon capture and wastewater treatment. Algae offer a
simple solution to tertiary treatments due to their nutrient removal efficiency, particularly inorganic
nitrogen and phosphorus uptake. The algal–bacterial energy nexus is an important strategy capable
of removing pollutants from wastewater in a synergistic manner. This review article highlights the
mechanism involved in biological fixation of CO2 by microalgae, their cultivation systems, factors
influencing algal cultivation in wastewater and CO2 uptake, the effect of co-cultivation of algae and
bacteria in wastewater treatment systems, and challenges and opportunities.

Keywords: algae; bacterial consortia; CO2 mitigation; wastewater treatment and synergistic effect

1. Introduction

The Earth’s average surface temperature has increased about 1.1 ◦C since the late
nineteenth century due to increased carbon dioxide (CO2) emissions into the atmosphere,
largely by the anthropogenic activities. Much of the warming has occurred in the past
35 years, and most since the year 2010 [1]. Statistics show that combustion of fossil fuels for
generation of power contributes about one-third of total CO2 emissions [2], resulting in an
increase in CO2 concentration in the atmosphere from 280 ppm to 400 ppm by volume, the
highest CO2 level ever recorded over the last century, leading to global climate change and
consequent biological extinctions [3]. Global energy-related CO2 emissions rose by 1.7%,
accounting for as high as 33.1 Gt CO2 with ~65% from direct combustion of carbon [4]. The
Paris Agreement dealing with greenhouse gas (GHG) emission mitigation, adaptation, and
finance, signed in 2016, aims to limit global warming to close to 1.5 ◦C. With the current
scenario, the World Meteorological Organization projects a global average temperature rise
of 3–5 ◦C by 2100 [5]. Efforts are being made worldwide to mitigate CO2 increase, with
strategies classified under three major types:

(a) Reduced use of non-renewable energy sources including fossil-fuels.
(b) Efficient use of low carbon renewable energy sources such as solar, wind, hydro, and

nuclear, as well as carbon-neutral alternative energy sources such as biomass.
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(c) Adoption of post-treatment process such as carbon-capture and storage (CCS) technology.

In this regard, much research and new technologies have highlighted CO2 man-
agement via capture, storage and sequestration. CCS technology can be managed by a
number of physical methods such as using membranes, different adsorbents, and cryogenic
separation; geological sequestration in depleted gas and oil reservoirs; oceanographic
sequestration in deep aquifers; chemical reaction-based approaches at high temperatures,
including thermo-chemical, photo-chemical, bio-photochemical, electro-chemical, electro-
photochemical, radio-chemical, and biochemical conversion methods; and CO2 fixation by
biological methods. Among these, the biological route is gaining prominence because CO2
captured using microalgae, in particular, can be reconverted to useful chemicals, fuels, and
many other valuable products [6–8]. In this review article, the importance of microalgae in
CO2 sequestration, development of viable technology for their cultivation and integration
with wastewater treatment facilities, factors influencing their cultivation and CO2 uptake,
and prospects and challenges associated with technology development are discussed.

2. CO2 Capture and Fixation by Microalgae

Biofixation of CO2 using microalgae is a potential option for sequestration because
their CO2 fixation ability through photosynthesis with solar utilization efficiency is at least
10-fold higher than that of terrestrial plants and they also have rapid growth rates and
tolerance to extreme environments [9]. Microalgae are capable of sequestering ~513 tons
of CO2 and converting it into ~280 tons of dry biomass ha−1 year−1 by utilizing about
10% of solar energy [10]. It is estimated that algae can fix >65 Gt of carbon year−1, which
is equivalent to the carbon output of ~65,000 numbers of 500 MW generating plants [11].
Microalgae are considered important in CO2 sequestration programs because they have
numerous additional technological advantages. Their inherent ability to tolerate high
concentrations of CO2 is advantageous, and they can be utilized to capture CO2 from flue
gases generated by power plants. Algal species have rapid growth, with a cell doubling
time of 24 h, and they are adaptable to changing environmental conditions. Additionally,
they can be cultivated in various types of low-quality water, ranging from municipal
sewage to industrial wastewaters to seawater.

A number of microalgal strains have been shown to grow abundantly utilizing CO2
and carbonates such as Na2CO3 and NaHCO3. They adapt themselves to increasing CO2
concentrations via compartmentation of the RuBisCO enzyme. This involves a Carbon
concentration mechanism in which inorganic carbon is fixed through active transportation
of CO2 and bicarbonates with RuBisCo separated by a multi-layered membrane [12,13].
Studies have shown that microalgal strains are capable of growing well and can fix ≤50%
CO2 from exhaust gases, which commonly also contain other contaminants such as SOx and
NOx [6]. Some microalgae that show extraordinary capability to fix CO2 include Botryococ-
cus braunii, Chlorella sorokiniana, Chlorella vulgaris, Chlorococcum littorale, Dunaliella tertiolecta,
Nannochloropsis oculata, Scenedesmus dimorphus, Scenedesmus obliquus, and Spirulina platen-
sis [14]. Table 1 lists the microalgae studied for their potential to fix CO2.

Table 1. CO2 tolerance and uptake by various microalgae.

Microalgae Species CO2 Concentration
(%)

CO2 Fixation Rate
(g L−1 day−1) Reference

Chlamydomonas sp. 15 - [15]

Chlorella sp.

40 - [16]

0.03 1.62 [17]

15 - [18]

15 0.46 [19]

5 0.7 [20]

- 1.38 [21]
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Table 1. Cont.

Microalgae Species CO2 Concentration
(%)

CO2 Fixation Rate
(g L−1 day−1) Reference

Chlorella kessleri 18 0.16 [22]

Chlorella (marine) 2–15 2.14–4.69 [23]

Chlorella pyrenoidosa SJTU-2 5–50 0.029–0.71 [24]

Chlorella vulgaris

10 0.25 [10]

2 0.43 [25]

18 - [22]

Chlorococcum littorale
20 0.246 [26]

60 - [27]

Chroococcus cohaerens 0.03 0.78 [17]

Cyanidium caldarium 100 - [28]

Dunaliella sp. 3 0.31 [29]

Dunaliella tertiolecta
10 0.27 [10]

15 5.82 [30]

Eudorina sp. 20 - [16]

Euglena gracilis 45 - [31]

Haematococcus pluvialis 34 0.14 [32]

Microcystis aeruginosa 15 0.134 [19]

Microcystis ichthyoblabe 15 0.142 [19]

Nannochloris sp. 15 - [33]

Phaeodactylum tricornitum 15 0.59 [30]

Phormidium sp. 15 7.39 [30]

Scenedesmus sp.
80 - [16]

15 0.61 [19]

Scenedesmus dimorphus 0.03 1.27 [17]

Scenedesmus incrassatulus 0.03 1.50 [17]

Scenedesmus obliquus

15 4.6 [30]

10 0.55 [34]

10 0.29 [24]

2.5 1.19 [35]

18 - [22]

Synechococcus elongatus 60 - [36]

Spirulina sp. 20 0.14 [37]

Spirulina platensis 15 0.92 [38]

Tetraselmis sp. 14 - [39]

Although different algal species are reported to withstand high concentrations of CO2,
their enhanced growth and maximum biomass yield are largely observed only at CO2
concentrations of 10–40%. Many studies indicate that the CO2 concentration alone cannot
be directly correlated to biomass productivity, but other factors such as the tolerance limit
of algae to CO2 and its utilization rate also play key roles in algal productivity [22,40–42].
Furthermore, high photosynthetic efficiency of microalgae converts CO2 to biomass rich
in carbohydrates such as starch, cellulose, and various fermentable sugars via Calvin
cycle [34,43], which is followed by metabolic pathways such as glycolysis and TCA cycle,
resulting in lipid biosynthesis, stored as triacylglycerols and protein synthesis (Figure 1).
It is well established that CO2 plays a major role in building up of the important primary
metabolites in microalgal species. This has been demonstrated by Sivakumar et al. [37]
using a cyanobacterial species Spirulina sp. (MCRC-A0003) that has shown to exhibit
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good tolerance to high CO2 concentrations (up to 50%) with low biomass yield. However,
lower concentrations of CO2 (4–20%) have shown to support increased yields of biomass,
chlorophyll, protein, and carbohydrate.

Sustainability 2021, 13, x FOR PEER REVIEW 4 of 23 
 

erance limit of algae to CO2 and its utilization rate also play key roles in algal productivity 
[22,40–42]. Furthermore, high photosynthetic efficiency of microalgae converts CO2 to 
biomass rich in carbohydrates such as starch, cellulose, and various fermentable sugars 
via Calvin cycle [34,43], which is followed by metabolic pathways such as glycolysis and 
TCA cycle, resulting in lipid biosynthesis, stored as triacylglycerols and protein synthesis 
(Figure 1). It is well established that CO2 plays a major role in building up of the im-
portant primary metabolites in microalgal species. This has been demonstrated by Siva-
kumar et al. [37] using a cyanobacterial species Spirulina sp. (MCRC-A0003) that has 
shown to exhibit good tolerance to high CO2 concentrations (up to 50%) with low bio-
mass yield. However, lower concentrations of CO2 (4–20%) have shown to support in-
creased yields of biomass, chlorophyll, protein, and carbohydrate. 

 
Figure 1. Carbon metabolism in microalgae (adopted from [44]). 

Different microalgal species have shown different tolerance limits and fixation rates 
(200–1000mg L–1 day–1) of CO2 present in flue gas, which was interestingly pronounced in 
mutated strains of the respective species [10,14,45,46]. Sydney et al. [10] evaluated five 
microalgal species suitable for large-scale cultivation, which exhibited considerable var-
iations in CO2 fixation rates in the order: Dunaliella tertiolecta SAD-13.86 (272.4mg L–1 

day–1), Chlorella vulgaris LEB-104 (252mg L–1 day–1), Spirulina platensis LEB-52 (319mg L–1 

day–1), Botryococcus braunii SAG-30.81 (497mg L–1 day–1), and Chlorococcum littorale 
(1000mg L–1 day–1). 

3. Microalgae-Based Wastewater Treatment 
As early as in the 1960s, researchers of University of California at Berkley, USA de-

signed an indigenous biological wastewater treatment system that used microalgae [47]. 
Generally, the tertiary treatment processes are developed to remove nutrients such as 
ammonia, nitrate, and phosphate, and they are nearly four times costlier than the pri-
mary treatment methods. However, microalgal cultures with the ability to consume in-
organic nitrogen and phosphorus for their growth offer a simple and cost-effective solu-
tion to tertiary treatment processes [48]. In these treatment systems, microalgae are 
grown in high-rate raceway ponds, primarily to remove nitrogen and phosphorus and 
improve dissolved oxygen levels that promote growth of aerobic bacteria, which, in turn, 
decompose organic wastes and stabilize the treated water for reuse in irrigation [49]. 
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Different microalgal species have shown different tolerance limits and fixation rates
(200–1000 mg L−1 day−1) of CO2 present in flue gas, which was interestingly pronounced in
mutated strains of the respective species [10,14,45,46]. Sydney et al. [10] evaluated five mi-
croalgal species suitable for large-scale cultivation, which exhibited considerable variations
in CO2 fixation rates in the order: Dunaliella tertiolecta SAD-13.86 (272.4 mg L−1 day−1),
Chlorella vulgaris LEB-104 (252 mg L−1 day−1), Spirulina platensis LEB-52 (319 mg L−1 day−1),
Botryococcus braunii SAG-30.81 (497 mg L−1 day−1), and Chlorococcum littorale
(1000 mg L−1 day−1).

3. Microalgae-Based Wastewater Treatment

As early as in the 1960s, researchers of University of California at Berkley, USA
designed an indigenous biological wastewater treatment system that used microalgae [47].
Generally, the tertiary treatment processes are developed to remove nutrients such as
ammonia, nitrate, and phosphate, and they are nearly four times costlier than the primary
treatment methods. However, microalgal cultures with the ability to consume inorganic
nitrogen and phosphorus for their growth offer a simple and cost-effective solution to
tertiary treatment processes [48]. In these treatment systems, microalgae are grown in high-
rate raceway ponds, primarily to remove nitrogen and phosphorus and improve dissolved
oxygen levels that promote growth of aerobic bacteria, which, in turn, decompose organic
wastes and stabilize the treated water for reuse in irrigation [49].

Algae-based wastewater treatment methods are advantageous than the conventional
chemical-based treatment processes due to their simple and lower-level technology with
minimal CO2 footprint, significant cost saving potential, and effective carbon, nutrient,
and pathogen removal [50]. In the conventional treatment process, aeration is essential
for effective utilization of organic and inorganic components by aerobic bacteria [51], and
the average energy consumption for aeration of a municipal wastewater typically having
400–500 mg COD L−1 varies from 0.25 to 1.89 kWhm–3 [52,53]. However, generation of a
significant amount of dissolved oxygen in the algae-based treatment process during the
photosynthetic growth of algae negates the need for a separate mechanical aeration process,
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thus reducing the high operational cost [54]. Furthermore, algae-based treatment system
is eco-friendly and sustainable, as no sludge is generated, and it also helps in effective
recycling of nutrients. In other words, the algal biomass rich in N- and P-nutrients recov-
ered from wastewater can be used as animal feed or as low-cost organic fertilizer [51,55],
whereas in the conventional activated sludge process, phosphorus removal in particular is
challenging [56]. Chlorella sp. and Scenedesmus sp. are the two microalgal species that are
explored extensively due to their potential to remove nutrients such as nitrates, phosphates,
sulphates, etc. and COD from various wastewaters. Ansari et al. [57] have shown accel-
erated growth of Chlorella and Scenedesmus species with lipid accumulation when grown
in raw wastewater obtained from a septic tank by removing nutrients such as phosphates
(70%), nitrates (98%), sulphates (100%), and COD (84%).

Anaerobic digestion (AD) of maize silage, animal manure, dairy and municipal
wastewater and sludge, food wastes, etc. is one of the promising sustainable methods
for the treatment of high organic wastes. However, the nutrient-rich liquid digestate (LD)
produced during AD is highly turbid and unfit for direct discharge into water bodies.
Recent studies have proven that the microalgae cultivation in LD is a potential solution
for its treatment, as well as valorization [58–60]. Krzemińska et al. [61] studied the effect
of LD from anaerobic fermentation of maize silage on the growth rates and macro and
micronutrient removal efficiency of Auxenochlorella protothecoides and showed that the alga
can proliferate and accumulate lipids. Additionally, they observed reduced PUFA and
increased MUFA levels, which contribute to triacylglycerols (TAG), a good source for the
production of biofuels.

The highest biomass production of microalgae C. vulgaris and A. platensis was achieved
when their growth media were supplemented with 50% distilled liquid digestate (DLD).
C. vulgaris showed highest ammonia (71.2%) and total nitrogen (47.1%) removal efficiencies
at N/P ratio of 10.3 and A. platensis recorded 66.4% total nitrogen removal at N/P ratio
of 32.2 [62]. Nitrogen removal efficiency by algae is reported to be better at low N/P
ratio, and complete removal cannot be achieved when the culture medium is phosphorus-
limited [63,64]. In other words, phosphorus and nitrogen metabolisms are interrelated, as
the absence or abundance of either of them is of very little use [65]. This is well established
by Shashirekha et al. [66] by cultivating Scenedesmus sp. in sugar mill effluent with varying
nitrogen and phosphorus concentrations. They reported that maintaining the carbon–
nitrogen–phosphorus ratio is essential to promote the growth of microalga in wastewater,
which, in turn, showed notable reduction in the values of nutrients such as carbonates,
nitrates, phosphates, magnesium, sodium, etc., all recording below the detectable limit,
indicating their complete utilization by the microalga.

In addition to efficient nutrient removal, there are certain other advantages in using
microalgae in wastewater treatment over the conventional technologies. They include:
(i) cost-effectiveness—owing to efficient harnessing of naturally available solar energy and
utilization of organic carbon from wastewaters, (ii) CO2 biofixation through photosynthesis,
(iii) stabilized wastewater with improved dissolved oxygen that can be discharged into
water bodies safely, and (iv) economic value addition to the algal by-products [67]. The
biomass serves as potential feedstock for bioenergy production (biohydrogen, biomethane,
biodiesel, bioethanol, etc.) and hence is considered a prospective renewable alternative
to non-renewable fossil fuels [68,69]. Processing algal biomass generated in wastewater
through lipid trans-esterification, carbohydrate fermentation, or anaerobic digestion is
considered sustainable for bioenergy production [70]. Among them, anaerobic digestion is
more promising and viable because a wide range of microalgae with varied biochemical
make up can be employed as feed stock [71].

The use of native species for wastewater treatment is normally preferred due to
their adaptation capabilities to the local biotic and abiotic conditions and non-invasive or
non-noxious nature. These versatile indigenous organisms with higher production rates,
isolated from dynamic natural ecosystems, are suitable for bioprocesses that require high
biomass productivity than the commonly cultivated isolates [72,73].



Sustainability 2022, 14, 1075 6 of 21

4. Factors Influencing Algal Cultivation in Wastewater and CO2 Uptake

Cultivation of algae in wastewaters, their potential to uptake CO2, and optimization of
strain-specific growth are governed by a number of interrelated factors that play a critical
role [55,67]. Some of them that either positively influence or negatively limit algal growth
include (i) their structural and genetic make up—that contribute to cell size, density, and
fragility, vis à vis their ability to tolerate and/or adapt to varying wastewater quality;
(ii) mode of growth—phototrophy, heterotrophy, or mixotrophy; (iii) concentration and
proportion of major nutrients, viz., C–N–P ratio, inorganic carbon and other micronutri-
ents; (iv) temperature; (v) pH; (vi) CO2 concentration; (vii) composition of flue gas; and
(viii) availability of light (day–night cycle and irradiation intensity).

4.1. Algal Strains

The foremost and critical step in Algal Biotechnology is the screening of algal strain
for a particular application that can be cultured at large-scale. It should be rugged-natured
to withstand varying environmental conditions, have an inherent ability to produce a large
quantity of biomass with high growth rate, and should be easily harvestable. For example,
Botryococcus braunii, Chlorella sp., and Scenedesmus sp. are reported as ideal candidates in
numerous studies pertaining to CO2 bio-mitigation and biofuel generation. Few microalgal
strains exhibit high growth rates in addition to their capability to survive stringent envi-
ronments such as seawater having salinity of 35‰, alkaline lake water having pH ≥ 8.5,
and even certain industrial effluents containing higher levels of salts and other nutrients.
Their ingrained biochemical profiles with variety of metabolites such as polysaccharides,
fatty acids, proteins, essential amino acids, polypeptides, pigments, vitamins, minerals,
etc. also serve as raw materials for (i) bioenergy, viz., trans-esterified biodiesel, fermented
bioethanol, photobiological hydrogen, anaerobically produced methane and hydrocarbon
biofuels; (ii) feed source for aquatic lives such as fish, shrimp, prawn, etc. and for higher
animals such as poultry, cattle, etc.; (iii) high-quality applications such as medicines or
nutraceutical (e.g., omega-3 fatty acids); and (iv) organic fertilizers, etc. [74–77].

4.2. Mode of Microalgal Growth

Algae use solar energy, CO2, and water during photosynthesis to synthesize glu-
cose, which is then converted to pyruvate releasing adenosine triphosphate (ATP) and O2.
The conversion of solar energy into chemical energy is mediated by the green pigment
chlorophyll. All algae use chlorophylla (chla) to collect photosynthetically active light to
absorb its energy from the violet-blue and orange-red wavelengths and a small amount
from the intermediate (green-yellow-orange) wavelengths. Besides chla, some green algae
and euglenophytes also use chlorophyllb (chlb) and other chlorophylls in different combi-
nations, chlorophyllides, carotenoids, and phycobiliproteins to gather further light from
wavelengths of the spectrum that are not absorbed by chla [78].

Generally, algal growth takes place through autotrophic, heterotrophic, mixotrophic,
and photoheterotrophic modes. While light is the sole energy supply for CO2 fixation in
photoautotrophic cultures, organic or inorganic carbon, carbonates, etc. form the energy
sources in heterotrophic mode [79]. Therefore, the latter results in higher growth rate when
compared to the former mode. In mixotrophy, both autotrophy and heterotrophy operate
simultaneously [80]. The microalgae such as Chlamydomonas globosa, Chlorella minutissima,
and Scenedesmus bijuga, when grown under mixotrophic conditions, resulted in 3–10 times
more biomass production with higher bioenergetics (lipid productivity) than under pho-
totrophic condition [81]. According to Márquez-Rocha [82], this is due to the net photoau-
totrophic growth of microalga under light condition followed by heterotrophic growth
under dark condition. This phenomenon was reported in Scenedesmus obliquus when culti-
vated in sugar mill effluent; it exhibited a versatile nature of shifting from phototrophy to
heterotrophy depending on the availability of light and carbon sources [66].
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4.3. Nutrients

The major nutrients generally needed by algae for their growth are C, N, P, and K, as
well as a few other trace elements such as Mg and Fe, depending on the specific requirement
of each algal species. Organic carbon and inorganic carbon such as carbonates, bicarbonates,
and gaseous CO2 are different carbon sources available for microalgal growth. Ammonium
is the most commonly used and preferred form of nitrogen, as it requires less energy for
assimilation and is readily absorbed by microalgae. It is followed by NO3

−, NO2
−, and

urea. However, in some microalgae, an NH4
+ concentration >100 mg L−1 is shown to inhibit

their growth. This is due to speciation of NH4
+ and conversion of NH4

+ to NH3 under
alkaline conditions or at elevated temperatures [83]. Qin et al. [84] studied the treatment of
dairy digestate using biological aerated filter (BAF) with enriched nitrobacteria followed
by C. pyrenoidosa cultivation. The pre-treatment using BAF coupled with nitrobacteria
rapidly nitrified the ammonia nitrogen in digestate and improved the light transmittance,
indicating that the ammonia nitrogen is almost completely converted into nitrate nitrogen,
resulting in elimination of ammonia inhibition for C. pyrenoidosa. Phosphorus is another
essential nutrient, which is part of DNA, RNA, ATP, and cell membrane components, which
greatly impacts the growth and metabolism of microalgae. It is normally available in the
wastewaters as inorganic anions such as H2PO4

− and HPO4
2− [74,85].

Agricultural fertilizers such as NPK are commonly used to maintain steady growth [86–88].
Wastewaters rich in organic and inorganic nutrients can also be used as substitutes to
freshwater amended with chemical components [81]. Unicellular microalgae belonging to
Chlorophyta, particularly Scenedesmus sp. and Chlorella sp., are versatile and tolerant to
various types of wastewaters and are highly efficient in removing nutrients from them [89].
Chlorella minutissima is shown to thrive even in raw sewage and further dominate in the
subsequent oxidation pond systems. This is because C. minutissima can grow mixotrophi-
cally in light as well as in dark, utilizing a variety of organic carbon, ammonia, or nitrate as
a nitrogen source and survive over a wide pH range [90]. Much research in the recent past
demonstrates the cultivation of various microalgae in different wastewaters such as agri-
cultural run-off, aquaculture, dairy, municipal sewage, palm oil, paper and pulp, poultry,
swine effluent, etc. by assimilating C–N–P and other chemical components (Table 2).

Table 2. Microalgae cultivated in wastewater.

Nature of Effluent Microalga References

Agricultural run-off
Chlorella vulgaris

[91]

Agro-industrial wastewater [50]

Aquaculture wastewater Chlorella vulgaris,
Scenedesmus obliquus [92]

Aquaculture wastewater
Chaetoceros calcitrans,
Nannochloris maculate,

Tetraselmischuii
[93]

Dairy farm wastewater

Algae consortium—Chlorella
saccharophila UTEX 2911,

Chlamydomonas pseudococcum UTEX
214, Scenedesmus sp. UTEX 1185

[94]

Digested distillery effluent Spirulina platensis [95]

Food waste and
municipal wastewater Chlorella sorokiniana [96]
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Table 2. Cont.

Nature of Effluent Microalga References

Municipal wastewater

Chlorella minutissima [90]

Auxenochlorella protothecoides
UMN280 [97]

Scenedesmus sp. AMDD [49]

Palm oil mill effluent
Chlorella sorokiniana [98]

Chlorella sp. [99]

Paper and pulp mill effluent
Oscillatoria chlorina,

Scenedesmus quadricauda [100]

Scenedesmus sp. [101]

Poultry litter anaerobic
digestion effluent

Chlorella minutissima,
Chlorella sorokiniana,
Scenedesmus bijuga

[102]

Sugar mill effluent Scenedesmus obliquus [66]

Sweetmeat factory waste media Scenedesmus obliquus [103]

Swine wastewater

Chlorella sp. [104,105]

Chlorella vulgaris,
Chlamydomonas reinhardtii,
Chlamydomonas debaryana

[106]

Scenedesmus sp. [107]

Tannery—soak liquor Spirulina sp., Nannochloropsis sp. [108]

The adaptability of Scenedesmus obliquus in sugar mill effluent studied at laboratory
by Shashirekha et al. [66] reports that the ratio of 0.1 C: 0.07 N: 0.04 P is optimum for
algal growth to achieve a biomass yield of 1.23 g L−1. They also demonstrated the algal
cultivation at pilot-scale by combining two processes — (i) sequestration of CO2, the
gaseous exhaust generated by fermentation process at distillery, and (ii) treatment of
effluent, the liquid waste discharged from sugar mill. Through this eco-friendly approach,
the pH was stabilized to neutral, EC, salinity, and TDS reduced by 50–60%, COD and
sugar content reduced by 80–85%, and DO level improved significantly, besides generating
~0.5 kg (dry wt.) algal biomass m–3 of effluent.

Chlorella vulgaris cultivated in nitrogen-rich, pretreated liquid digestate showed a
net biomass yield of 10–14 g L−1 (DW) and a productivity of up to 0.93 g L−1 d−1 [109].
Unicellular microalgae such as Chlorella sp., Scenedesmus obliquus, Scenedesmus quadricauda,
Scenedesmus dimorphus, and Oocystis sp. subjected to long-term acclimation to anaerobic
digestate of food waste and found that Oocystis sp. proliferated in the effluent containing
high ammoniacal nitrogen (600 mg L−1) displaying high tolerance [60]. In general, the algal
biomass production can range from 9.6–42 tons ha−1 year−1 depending on the environ-
mental conditions such as light intensity, temperature, rainfall patterns, and other factors
such as water quality, availability of nutrients, CO2, etc. In the open environment, they
have the capability to sequester 322 tons C ha−1 year−1. Intensification of the cultivation
process could result in increased biomass yield up to 100 tons ha−1 year−1 by sequestering
up to 1500 ton C ha−1 year−1.

4.4. Temperature

Temperature is one of the important environmental factors that influence CO2 as well
as nutrient solubility. At higher temperature, the CO2 solubility decreases. In an open
pond system, this leads to the escape of CO2 into the atmosphere [110,111]. With varying
temperatures, the insoluble solids and other components can contribute to dark coloration,
especially in the waste streams, leading to absorbance of light of certain wavelength,
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reducing the available light energy impacting photosynthesis of algae [112]. Temperature
also affects all the metabolic activities of algal cell by highly influencing the cell composition,
nutrient and CO2 uptake, and ultimately, the growth rate. The optimal temperature for
algal growth broadly varies from 20–35 ◦C. Although the algal productivity increases with
increasing temperature, beyond the optimum range, photorespiration negatively impacts
its productivity [113]. Microalgal culture such as Haematococcus pluvialis grows actively at
lower temperature ranges 15–20 ◦C [114,115]. However, Fan et al. [116] reported a steady
raise in photosynthetic oxygen evolution, with maximum algal growth rate and doubling
time of 12 h within the temperature range of 25–28 ◦C and a gradual drop from 28 to
33 ◦C and a steep drop at higher temperatures. They observed 28 ◦C to be the optimum for
photosynthesis. However, the temperature-dependent growth rate differs with each species.
Torzillo and Vonshak [117] measured the oxygen evolution rate by Spirulina at different
temperatures and found that the respiration rate increases with increasing temperature. In
general, it is important to select the algal species that can withstand high temperatures,
especially when they are used for CO2 fixation from flue gas generated from industries.

4.5. pH

pH is yet another key feature that determines the algal growth. Different species have
different pH requirements, though most of them are reasonably tolerant to pH variations. In
most cases, fresh water eukaryotic algae can grow well in slightly acidic environments (with
pH around 6.5–6.8); however, alkaline conditions (pH 7–9) are mostly desired by cyanobac-
teria. The high metabolic rates during active growth phase of alga result in the liberation
of OH− ions into the media that contributes to its increased pH [118]. Chlorella vulgaris is
studied extensively as model microalgal species for the effect of pH on its growth; although
it can grow in wide pH range, higher growth and biomass yields are reported to be best be-
tween 7.5 and 9.5 [119,120]. Studies by Razzak et al. [74] also reported similar results, where
the pH values 7.5 and 8.0 have shown to promote maximum growth of Chlorella vulgaris.

4.6. CO2 Concentration

Typically, microalgal biomass is composed of ~50% carbon, which is mostly derived
from CO2. Under ideal conditions during daylight hours, it is estimated that 1 ton of algal
biomass (on dry weight basis) is produced by fixing 1.83 tons of CO2 that is fed continuously
into the algal cultivation system. CO2 feeding to the algal cultivation system can be assisted
with pH measurements in a controlled manner, which helps minimize CO2 losses [74]. In
general, CO2 has higher solubility (over 100 times than O2), i.e., 1.496 g CO2 L−1 water at
25 ◦C and 1 atm. CO2 mass transfer into the aqueous phase dependents on parameters
such as its concentration at gas phase, area availability at gas–liquid interface, contact time,
properties of solution including pH, temperature, amount of dissolved salts in it, etc. The
CO2 mass transfer rate is calculated by the two-film theory formula:

NCO2 = kLα (CCO2 L* − CCO2 L)

where kL= liquid phase mass transfer coefficient, α = specific area, CCO2L* = CO2 con-
centration in the liquid that equilibrates its actual partial pressure on the gas phase, and
CCO2L = actual CO2 concentration in liquid [111,121].

A study reports that, although both Scenedesmus sp. and Chlorella sp. have the ability to
grow well in lower dosages of CO2 (10–30%), at high concentrations (up to 80%), the former
is more tolerant than the latter microalga [16]. A similar trend was reported in Spirulina sp.
(MCRC-A0003), which exhibited tolerance to CO2 concentration as high as 50%; however,
much uptake was observed only at 10–20% concentrations leading to maximum biomass
yield [37]. According to a study by Patil and Kaliwal [122], 15% CO2 is optimal to fix
0.12 ± 0.002 g CO2 L−1 day−1 by Scenedesmus bajacalifornicus BBKLP-07 to obtain a biomass
yield of 0.061 ± 0.008 g L−1 day−1. Although Euglena gracilis shows high CO2 tolerance up
to 45% CO2 and survive well, excellent growth is achieved at 5% CO2 concentration, [31].
With stage-wise adaptation, Chlorococcum littorale is demonstrated to grow utilizing CO2
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up to 60% [27]. A mutant strain KR-1 of Chlorella sp. is reported to grow even at 70% CO2
levels [123].

4.7. Composition of Flue Gas

Typically, flue gas generated from industries consists of a mixture of CO2 and N2 and
small amounts of CO, NOx, SOx and water vapor. The algal culture does not require high
purity of CO2 gas, and therefore, flue gas with about 2–5% CO2 concentration can be used
as CO2 source for its cultivation. The ability of microalgae to use NOx, SOx, and certain
other combustion products aids to reduce an additional process of flue gas scrubbing [124].

Earlier studies revealed that direct feeding of flue gas into microalgal cultivation
ponds increases biomass production by 30% in comparison to the injection of an equivalent
quantum of pure CO2 [125]. This could be due to the stimulant effect of flue gas having
the supplemental nutrients (sulfur and nitrate). However, many researchers consider that
it is very important to study the impact of NOx and SOx on CO2 uptake by microalgae,
although they are present in trace quantities. The growth of many microalgal strains is
reported to be critically inhibited by flue gas with 50 ppm SOx [26]. Hence, direct fixation
of CO2 from flue gas by microalgae may only be possible with the gas mixture having
<50 ppm SOx. Similarly, the effect of NOx on microalgal growth has been explored by
many researchers. According to Yoshihara et al. [33], Nannochloris sp. could survive well
only in nitric oxide (NO) concentrations <100 ppm. On the contrary, few other reports
suggest that some species of microalgae can tolerate high concentrations of other gases
present in flue gas. It is interesting to note that Dunaliella tertiolecta could remove even up
to 96% of 1000 ppm NO from the flue gas when the mixture also contained 15% CO2 [40].
Tetraselmis sp. was able to grow well utilizing 14.1% CO2, 185 ppm of SOx, and 125 ppm
of NOx from the flue gas [39]. The growth of Chlorella sorokiniana in the serially connected
airlift reactors was studied by passing the flue gas from oil producing industries, it was
found that the alga could remove about 74% of CO2 [38].

4.8. Light

The photosynthetic apparatus of algae exercises enormous dynamics and flexibility
responding to varying environmental conditions, viz., light intensity, nutrient availability,
etc. The responses involve re-organising few photosynthetic complexes frequently me-
diated by post-translational alterations of their subunits by extensive signaling network
within the chloroplasts, as well as between chloroplasts and nucleus that modulates nuclear
and plastid gene expression. Under limited light conditions, the photosynthetic apparatus
optimizes the light absorption efficiency of the alga by adjusting the relative size of its
antenna systems through the reversible allotment of a portion of Light-Harvesting Complex
system II between Photosystems I and II, a process occurring in cyanobacteria, algae, and
plants referred to as state transitions. When the absorbed light energy exceeds the capacity
of the photosynthetic apparatus, the excess excitation energy is dissipated as heat by the
non-photochemical quenching mechanism to avoid photo damage of cells [126–129].

One of the foremost criteria for economic viability of microalgal cultivation systems is
efficient harnessing of solar radiation by the cells. A cost-effective open or closed system
is characterized by a high surface area and biomass yield, which can be accomplished by
establishing a culture system with optimal solar irradiation regime [74]. A study with
Nannochloropsis culture has demonstrated that, with increasing cell density, the light pene-
tration into the culture drops exponentially, which is highly pronounced with green light
with wavelength 580–600 nm [130]. Different microalgal species adjust themselves to the
changing light intensity, e.g., low light intensities (∼10 mmol photons m–2 s−1) are normally
desired by species having phycobilisomes, whereas higher range (∼60–100 mmol photons
m–2 s−1) are often preferred by strains such as dinoflagellates. In general, 10–30 mmol pho-
tons m–2 s−1 is proven to be ideal for large number of species for their sustained cultivation.
On the contrary, Daliry et al. [120] reported that 100–140 mmol photons m–2 s−1 favored
the growth of Chlorella vulgaris, achieving maximum biomass and lipid productivity.
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5. Microalgae in Wastewater Treatment

The biggest practical challenge in mass cultivation of algae is the method of cultivation,
which is largely dependent on the availability of water. To cultivate algae in open ponds,
enormous amounts of water (~11–13 million liters per hectare) and macronutrients are
required, which contribute to 10–20% of the total production cost. A recent estimate shows
that the average cost for cultivation of algae is EUR 10 kg−1, of which a considerable part
accounts to nutrient inputs. Given such huge requirements of water and chemical nutrients,
wastewaters with abundant organic (C, N, and P) and inorganic nutrients serve as best
substitutes [81,112,131], and the costs can be reduced to less than EUR 5 kg−1 [112,132,133];
a few reports on microalgae-based wastewater treatments are summarized in Table 2.
Due to the nutrient removal efficiency, microalgal cultivation in wastewater reduces the
requirement of chemicals for their growth, thereby providing the additional advantage
of eco-friendly wastewater treatment. In addition, the oxygen produced during photo-
synthetic activity of microalgae enriches the growth of co-existing bacteria; thereby, both
microalgae and bacteria synergistically help in remediation of wastewater.

Synergistic Effect of Algal–Bacterial Co-Cultivation in Wastewater

Employing algal–bacterial consortial systems in wastewater treatment has become
extensively popular from as early as the 1950s due to their high efficiency to remove
nutrients and other pollutants, in addition to plenty of environmental advantages. The
energy nexus of this symbiotic combination is an important strategy, as the microalgae
use CO2 generated by bacteria during respiration as their carbon source, and bacteria, in
turn, derive their energy from O2 produced by microalgae during photosynthesis [134,135].
The carbonic anhydrase (CA) metalloenzymes aid CO2 uptake by algal cells by catalyzing
reversible hydration of CO2 to bicarbonate (CO2 + H2O↔ HCO3

− + H+). There are three
different families of CA enzyme (α-CA, β-CA, and γ-CA) distributed variedly in algae and
bacteria. While all of them present in microalgae significantly participate in CO2 uptake by
the cells, the β-CA secreted by bacteria augments CO2 fixation in microalgae, in addition
to regulating the pH of the medium in which they exist [136]. By concentrating CO2 as
HCO3

− in plastids, the CAs decrease the CO2 diffusion rate from inside the organelle,
and thus indirectly help in the lipid production pathway [137]. Some of the algal species
exhibit a characteristic elevated extracellular CA activity responsible for the conversion
of CO3

2– to free CO2 and facilitate its assimilation [138]. In an experimental study with
the model alga Chlamydomonas reinhardtii, Moroney et al. [139] showed the involvement
of CAs in CO2-concentrating mechanism and a number of other metabolic activities such
as photosynthesis, wherein inorganic carbon is transported to actively photosynthesizing
cells and a reversible reaction in the respiration process by employing carboxylation or
decarboxylation reactions.

In the synergistic algal–bacterial nexus, the bacterial growth degrades complex con-
stituents into simple organic substances, thereby facilitating its uptake by the alga. In
general, algal photosynthate contributes to organic loads in wastewaters; however, the
bacterial population present in these waters could reduce the net COD loads [140]. Mouget
et al. [141] demonstrated that, in addition to CO2 supply, the aerobic bacteria, viz., Pseu-
domonas diminuta and P. vesicularis, reduce the photosynthetic oxygen tension and cre-
ate a conducive condition within the microenvironment of Scenedesmus bicellularis and
Chlorella sp., thereby promoting algal growth. Cho et al. [142] proved that appropriate
process optimization and frequent monitoring and recycling of biomass help to maintain
the desired algal–bacterial consortium. They assimilate N and P present in wastewater,
resulting in increased pH value and oxygenation of organic matter and thus remove fecal
coliforms from wastewaters [143].

Ayre et al. [144] cultivated Chlorella sp. in anaerobic digestate of piggery effluent and
characterized the bacterial community using 16S rRNA sequencing followed by an in silico
analysis of functional N and C cycling genes and established that Chlorella form symbiotic
relationships with many bacterial groups belonging to bacteriodetes, cyanobacteria, and
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nitrifying and N-fixing bacteria and promote NH4
+ and NO2

− removal via nitrification and
denitrification pathways, while accumulating NO3

− that can be reused as a N fertilizer. van
der Ha et al. [145] demonstrated the better and synergistic performance of methane oxidiz-
ing bacteria and microalgae in treating the dissolved methane in anaerobic wastewater in
comparison to other aerobic processes, which do not control the escape of methane into the
atmosphere. The use of microbiologically active slime and alga combination is still regarded
as an effectual and economically viable method for industrial wastewater treatment [146].
Application of algal biofilm technology is yet another recent advancement in wastewater
treatment. Typically, extracellular polysaccharides and few other metabolites secreted by
algae form biofilm not only participate in the removal of pollutants from wastewater but
also help in easy separation of biomass [147].

High metal concentrations could lead to toxicity in algae. However, algal–bacterial
consortium mutualistically detoxifies metals in the contaminated sites. The growth of
microalgae results in secretion of substances that have a metal chelation property by
increasing the pH of the environment to precipitate heavy metals, which are then easily
assimilated by the associated bacteria [148]. On the other hand, bacterial growth has
proved to enhance flocculation of algal cells either due to opposite surface charges in their
respective cells that aid attraction and binding or secretion of extracellular polysaccharides
by bacteria [134,135]. This can be effectively tapped for the development of efficient and
cost-effective biomass harvesting technique [107].

6. Algal Cultivation Systems and Possibilities

Two distinctive cultural systems, namely open raceway pond and closed photobiore-
actor, are being practiced for growing microalgae and the choice among these depends on
the purpose of microalgal cultivation. Although climatic conditions play an important role
in maintaining algal culture in open raceway pond, low capital investment and operational
costs are the two major advantages in this system. As per literature reports, a typical
microalgal raceway pond size ranges between 0.2 and 0.4 ha [149], and so far, the largest
commercial raceway established by the Sosa Texcoco Co. near Mexico city for Spirulina
cultivation is 900 ha [87]. While the modest open raceway pond is conventionally used for
the algal cultivation, particularly in wastewater treatments, this system is not a competent
one with regard to CO2 sequestration, as most of CO2 sparged into the algal pond escapes
into the atmosphere. However, for such purposes, photobioreactor, being a closed system,
is advantageous due to better process control resulting in higher productivity.

6.1. Open Pond Hybrid Design

Open raceway ponds are widely being used for large-scale algal cultivation due to
their simple construction, relatively easy operation, and economic viability. These ponds
could be (a) the simplest unstirred ponds—excavated shallow pits with sloping sides lined
with polyethylene sheets [150], (b) square ponds with concentric independent sections
—Prakara design developed in MCRC, Chennai [151], (c) circular ponds with about 45 m
diameter—oldest design for large-scale cultivation of algae with agitation by rotating arm,
or (d) raceway ponds, the most successful design widely adopted. The raceway type
is usually shallow, about 0.15–0.25 m in depth. They are usually built either as single
‘U’ shaped channels with closed circulation of culture or as groups of raceway channels
connected together. They are provided with a paddlewheel or agitator at one end for proper
circulation and equal mixing of nutrients in water for better algal growth and ‘U’-shaped
baffles on the other end to regulate the flow of water. The algal productivity in such ponds
is shown to be as much as 60–100 mg L−1 day−1 on a dry weight basis [87].

6.2. Photobioreactor Design for CO2 Fixation

There are many types of photobioreactors (PBRs), including tubular (horizontal, verti-
cal, helical), airlift, bubble column, flat plate, plastic bags, etc. One of the basic characteristic
features of PBR is its high surface area per unit volume, designed to maximize the exposure
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of algal cells to light and thus enhance light absorption. In this system, the aqueous medium
containing algal culture is circulated within the PBR tubes and the reservoir operated by
mechanical or airlift pump. The circulation ensures equal mixing of nutrients, proper
aeration, equal exposure of algal cells to light, and maintaining algal cells in suspension
without settling. Some of the advantages of PBR include [151,152]:

1. Efficient collection of solar radiation due to narrow gauge of tubes or channels.
2. High areal yields because of high culture densities.
3. Very low contamination risk as they are efficient in maintaining sterility.
4. High biomass yield ensured by proper nutrient mixing and better CO2 conversion.
5. Often easy to operate with process monitoring and control systems.

6.3. Merits and Demerits

Some of the merits and demerits of the two systems are highlighted by Soni et al. [153]
and given in Table 3.

Table 3. Comparison of open raceway pond and closed photobioreactor.

Parameter Relative Benefit Remarks

Contamination risk Raceway > PBR Reduced or nil in PBR

Space requirement Raceway ~ PBR Depends on productivity

Water loss Raceway > PBR Depends on cooling system

CO2 loss Raceway ~ PBR Depends on pH, alkalinity of medium

O2 inhibition Raceway < PBR Often encountered in PBR

Process control Raceway < PBR Better in PBR

Biomass productivity Raceway < PBR 3–5 times more in PBR

Capex and Opex Raceway << PBR 3–10 times cheaper in Raceways

7. Challenges and Limitations
7.1. Algal–Bacterial Co-Cultivation

Some of the challenges and limitations encountered in the algal–bacterial wastewater
treatment methods are: (i) expression of antagonistic effect amongst the microbes for, e.g.,
high pH and O2 levels produced due to algal growth or secondary metabolites produced by
algae having antibacterial activity could negatively impact bacterial population, and on the
other hand, the pathogenic bacterial effect could weaken the algal cell wall leading to lysis
of the cell and ultimately death; (ii) microbial sensitivity to the changing environmental
and operational conditions adversely affects their growth and performance; (iii) inhibi-
tion of nitrification process, excessive filamentous bacterial population leads to bulking,
and foaming; (iv) difficulty in handling and proper disposal of sludge generated in bulk
quantity; and (v) inefficient microalgal harvesting systems [143].

7.2. Efficient CO2 Sparging and Mixing Systems

Very slow diffusion of CO2 in aqueous solution than in air is one of the key limitations
that affect its fixation by microalgae [154]. Therefore, despite having an atmospheric
concentration as high as 400 ppm, due to poor diffusion of CO2 in water, direct atmospheric
CO2 capture is still at infancy stage and requires substantial research. In the conventional
system, CO2 (pure form or flue gas) or air is injected into the algal cultivation pond with
the help of sparger fitted at the bottom. However, it has limited transfer efficiency with
respect to culture temperature, column height, water depth, and bubble size [155]. Studies
report that sparging of larger CO2 bubbles to raceways has a typical mass transfer efficiency
of less than 50%, resulting in limited CO2 absorption and outgassing, losing CO2 to the
atmosphere [156]. Some of the technological developments to overcome this include (i) the
use of an external gas diffuser like hollow fiber membranes and porous materials fabricated
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to regulate gas flow rates [110,157], (ii) microbubbles (with reduced size <100 µm) to
improve mass transfer efficiency by larger surface to volume ratio and slower rise velocity
in the aqueous culture solution, thus leading to better dissolution of CO2 in the medium
facilitating CO2 fixation [110], and (iii) use of CO2 containing solvents, passed through
non-porous membranes to minimize CO2 loss and transportation energy and avoid gas
compression. Despite the above, high capital cost associated with the membrane still pose
limitation [158]. Furthermore, additional costs for energy requirements and maintenance
of the system such as mitigation of plug biofouling, complex control systems, especially in
large algal farms, etc. are the other constraints with these systems [156].

7.3. Heavy Metals and Other Toxicants in the Effluents

Heavy metals such as As, Cd, Cr, Hg, Pb, Zn, etc. and other toxic chemicals such as
biocides, hydrocarbons, surfactants, etc. are present in different forms and quantities in
the effluents from mines, ores and metal processing industries, textiles, leather, tanneries,
electroplating, etc. [159]. The algal growth suffers in industrial wastewaters due to a lack of
consistent quality of effluent, i.e., either a deficiency or abundance of particular chemical(s)
that could be detrimental to algal survival. This is often experienced in industrial wastew-
aters with low N and P compounds or with high inorganic chemicals, heavy metals, etc.
Therefore, studies are required to identify potential algal strains that can bioaccumulate
heavy metals and customize their growth according to the qualities of industrial wastewa-
ters. Additionally, acidification, ammonium toxicity, nutrient imbalance, and turbidity are
common problems encountered with the treatment of liquid digestate [109].

7.4. Need for Efficient Algae Harvesting Techniques

Harvesting is an important part of algae-based wastewater treatment [160]. Though
it is generally considered that the biomass recovery takes 20–30% of the overall algal pro-
duction cost, there are simple methods that are to be tried for separation of biomass [161].
Some of the methods available are sedimentation, flocculation, centrifugation filtration,
sonication, precipitation, and flotation. Belt-filtering, filter press, floatation with float col-
lection, micro-straining, and sedimentation are studied for biofuel extraction [162]. Some
methods use different combinations of harvesting methods to increase the biomass separa-
tion. In some cases, dewatering is followed to remove water content from cells to obtain
dry biomass [163]. However, every technique has its own advantages and disadvantages,
such as time, economy, damage to the biomass, ease of operation, continuous operations,
occupation of space, energy, chemicals, fouling, clogging of machines, etc. [51,161,164,165].

The development of an efficient as well as cost-effective microalgal harvesting system
is the most priority requirement in microalgae cultivation technology. Harvesting micron
sized, single-celled microalgae from the cultivation systems operating with large volumes
is not only difficult but also expensive. The lack of such efficient harvesting system is the
major limiting factor for adoption of algal-based wastewater treatment by industries [166].
In the current practice, harvesting is simplified by flocculation step, followed by filtration
using membrane or ultrafiltration or centrifugal sedimentation or gravity settling.

7.5. Post-Harvest Preservation and Storage

Another important area to be addressed is the processing of the algal biomass after
harvest. The biomass especially generated in wastewater needs proper and immediate
valorization such as bioenergy or biomanure applications, without which it can pose threat
to the environment again [160]. Storage in wet form consumes a lot of energy, and drying is
also another expensive step. Freshly harvested algal slurry or in paste form is not a stable
product, and all components will degrade, generally starting with high-value compounds
such as lipids and specialty products such as vitamins. Prevention of spoilage requires the
inhibition of unwanted enzymes, organisms, and reactive species. Although post-harvest
preservation and storage is a very critical step in algal biotechnology, little research has
been conducted on the spoilage of algal products after harvest [167].
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Drying the harvested wet microalgal slurry containing an average of 80% moisture
to obtain storable dry biomass with 5–10% moisture is challenging. Eliminating moisture
from slurry is a laborious and time-consuming process and not as easy as dehydration
of agricultural crops or residues. The long drying time significantly adds to costs. For
algal-based fuel production, though drying is a suitable method, it is not yet commercially
practical due to its associated challenges [168]. While many methods are available, viz.,
spray-drying, drum-drying, and sun-drying, Richmond [130] has shown that filtration
followed by sun drying is the economically feasible option. However, at a large scale, this
method is yet to be extensively explored.

8. Conclusions

The treatment of wastewater by employing the algal–bacterial consortia has great
potential to become a major alternative to other aeration-based treatment technologies
including activated sludge treatment, mainly due to their efficiency, requirement of less
energy, and production of biomass, which could be valorized. Removal of organic and
inorganic nutrient loads in municipal and industrial waste waters by various means of
treatment before discharging into environment is essential to avoid any adverse impact
on both human and aquatic lives. Microalgae are potential and eco-friendly candidates
due to their capability to both utilize the nutrients available in waste waters as well as act
as the largest carbon sink. In addition, they also produce good quantities of biomass that
serve as a source for extracting many useful compounds. The futuristic sustainable solution
from social, environmental, and economic perspectives would be to integrate the processes
of CO2 sequestration and wastewater treatment by algal-bacterial consortia. However,
this will largely depend on conceiving, establishing, and demonstrating an integrated
technology taking all prevailing parameters specific to an industry into consideration to
develop a customized viable solution.
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