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1 Introduction

Algae are one among the foremost photosynthetic living groups beside plants and
bacteria. Algae are composed of eukaryote cell. They are usually found in marine
and fresh water with the size extending from a couple of micrometers to a couple of
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many micrometers. Green growth called algae have an excellent part in nourishment
and agribusiness and in misusing microbial exercises for creating significant human
items, producing vitality, and tidying up the earth. Green growth can be additionally
separated into microalgae and macroalgae in light of their size. Those with diame-
ters below 50 pm are called microalgae and are usually monocellular organisms,
while algae with larger sizes are macroalgae. Macroalgae or “seaweeds” are multi-
cellular plants growing in salt or fresh water. They are often fast growing and can
reach sizes of up to 60 m in length (McHugh 2003).

Microalgae are minute unicellular species, prokaryotic or eukaryotic, photosyn-
thetic microorganisms that exist in both aquatic and fresh water. Microalgae are
among the quickest developing photosynthetic creatures on earth. Their photosyn-
thetic system is like land-based plants; however because of a straightforward cell
structure, and submerged in a watery situation where they have proficient access to
water, CO,, and different supplements, they are for the most part more productive in
changing over sun-based vitality into biomass. They can be totally presented to
light, so every cell can lead photosynthesis at full speed and twofold inside a few
hours. The photosynthetic productivity of microalgae is normally more than ten
times that of the higher plants and macroalgae (Hemschemeier et al. 2009; Kamyab
et al. 2016a).

The most frequently used microalgae are Cyanophyceae (blue-green algae),
Chlorophyceae (green algae), Bacillariophyceae (including the diatoms), and
Chrysophyceae (including golden algae). All cells require wellsprings of carbon
and energy for growth. Chemoorganotrophs, chemolithotrophs, and phototrophs
utilize natural chemicals, inorganic chemicals, or light, respectively, as their well-
spring of energy. Autotrophs utilize CO, as their carbon source, while heterotrophs
utilize natural compounds (Xu et al. 2006). Numerous microalgae species could
change from phototrophic to heterotrophic growth. As heterotrophs, the green algae
growth depends on glucose or other utilizable carbon sources for carbon digestion
and energy. Limited algae can also grow mixotrophically.

Microalgae have been the focus and interest of researchers, government, and
industries because of (i) their growth rate and simple structure; (ii) cellular compo-
nents such as carbohydrate, proteins, and lipids which can be utilized for biotechno-
logical applications like creating biofuel and product of nutritional, pharmaceutical,
and cosmetic value; and (iii) the shift toward the development of green processes.
Microalgae represent very interesting natural sources of bioactive compounds such
as carotenoids, fatty acids, vitamins, and sterols (Plaza et al. 2009; Chacén-Lee and
Gonzélez-Marifio 2010). They have been generally utilized for different applica-
tions such as biofuels, animal feed, food supplements, cosmetics, pharmaceuticals,
nutraceuticals, CO, capture, etc. (Nesamma et al. 2015; Kamyab et al. 2017). In
addition, microalgae are additionally utilized as a part of wastewater treatment for
toxin and supplement expulsion. That is on the grounds that microalgae develop-
ments are subject to supplement focus and in addition light, temperature, saltiness,
and pH (Venkatesan et al. 2015). Microalgae-construct wastewater treatment
depends with respect to the capacity of phototrophic microorganisms to supply oxy-
gen to vigorous natural toxin degraders and upgrade the evacuation of supplements
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and pathogens. It is generally known that microalgae plays an important role in
self-purification of natural waters and therefore offers an alternative means as a
tertiary treatment of organic wastewater (Venkatesan et al. 2015).

Microalgae are recognized as one of the oldest living microorganisms in earth
(Lam and Lee 2011). They are prokaryotic or eukaryotic photosynthetic microor-
ganisms that can develop quickly and live in brutal conditions (Mata et al. 2010;
Resdi et al. 2016). Biologists have categorized microalgae in a variety of classes,
mainly distinguished by their pigmentation, life cycle, and basic cellular structure
(Khan et al. 2009). Microalgae are available in all current earth biological systems,
not just aquatic but also terrestrial, instead of a major assortment of groups living in
an extensive variety of ecological conditions, such as lakes, rivers, ponds, wetlands,
and deserts, and even living in the North and South Poles (Mata et al. 2010). It is
estimated that more than 50,000 species exist, but only a limited number of around
30,000 have been studied and analyzed (Mata et al. 2010). Like plants, microalgae
require basically three parts to develop: daylight, carbon dioxide, and water.
Photosynthesis is an imperative bio-compound process in which plants, microalgae,
and a few microorganisms change over the vitality of daylight to synthetic energy.
Among others, microalgae consist of lipids and unsaturated fats as membrane seg-
ments, stockpiling items, metabolites, and wellsprings of energy. Lipids are charac-
terized as any of a gathering of natural compounds that are insoluble in water but
dissolvable in natural solvents. The synthetic highlights are introduced in an expan-
sive scope of molecules, for example, unsaturated fats, phospholipids, sterols,
sphingolipids, terpenes, and others (Fogg 1959; Fahy et al. 2011).

2 C(lassification of Microalgae

According to Fogg (1959), microorganisms are classified according to their mor-
phological properties, the nature of their life cycle, the chemical nature reserve pho-
tosynthetic products (intracellular accumulation product), and pigmentation.
Various algae species can be found growing in lakes, oceans, rocks, and soil. There
are basically two groups of microalgae, prokaryotic and eukaryotic. Prokaryotes
microalgae are unicellular organisms that lack a membrane-bound nucleus (karyon),
mitochondria, or any other membrane-bound organelles and rarely have cellular
organelles. Under its categories is Cyanophyceae. Cyanophyceae is also called cya-
nobacteria. It is photosynthetic bacteria that are found in fresh and salt water and
have chlorophyll a and phycobilins. Cyanophyceae are thought to be blue-green
microalgae which have a high tolerance to extreme temperatures (Pulz and Gross
2004). The best known species are Spirulina (Arthrospira) platensis, Nostoc com-
mune, and Aphanizomenon flos-aquae. Eukaryotes are uni- or multicellular organ-
isms which have a complex structure comprising a core surrounded by a membrane
and many intracellular organelles. These microorganisms are additionally inex-
haustible in fresh water. A few types can likewise live in terrestrial area, developing
on wet soils, wet rocks, and soggy wood. They can show up as single cells or as
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colonies. Eukaryotes are ordered into an assortment of classes for the most part
characterized by their pigmentation, life cycle, and fundamental cell structure (Khan
et al. 2009). The most vital classes are green growth algae (Chlorophyta), red algae
(Rhodophyta), and diatoms (Bacillariophyta). These microalgae usually contain
three main types of pigments which are chlorophylls, carotenoids, and phycobilip-
roteins. Microalgae signify to an exceptionally intriguing asset as normal well-
springs of bioactive compounds, for example, carotenoids, unsaturated fats,
vitamins, and sterols (Plaza et al. 2009; Chacén-Lee and Gonzalez-Marifio 2010).
To sum up the classes of microalgae, there are 11 different divisions of microalgae,
which are Cyanophyta, Prochlorophyta, Glaucophyta, Rhodophyta, Heterokonta,
Haptophyta, Cryptophyta, Chlorarachniophyta, Dinophyta, Euglenophyta, and
Chlorophyta. The largest groups are Chlorophyceae (green algae), Bacillariophyceae
(diatoms), Phaeophyceae (brown algae), Chrysophyceae (golden-grown algae),
Pyrrophyceae (dinoflagellates), and Rhodophyceae (red algae) (Milano et al. 2016).
Green growth algae are the transformative progenitors of current plants, yet dissimi-
lar to plants, they are basically aquatic. These microorganisms have the filamentous
forms. The best known species are Chlorella, Chlamydomonas, Dunaliella, and
Haematococcus (Pulz and Gross 2004). The main storage compound of these algae
is starch, although oils can also be produced.

3 Culture Parameters

3.1 Temperature

Most of the microalgae are able to survive at a temperature range between 16 and
27 °C. Chlorella sorokiniana had an upper growth limit at 38—42 °C (Kessler 1985).
For a multi-specific microalgal biomass, as studied by Golueke et al. (1957), the rate
of microalgae biodegradability from 5% to 10% can be enhanced by a temperature
increase from 35 to 50 °C. However, maximal methane productivity at 40 °C that
was found by Chen et al. (1996), confirms most mesophilic temperatures considered
as optimal conditions for methane production.

3.2 Nitrogen Concentration

Nitrogen-limiting conditions were in fact reported to significantly increase the lipid
fraction of many microalgae (Illman et al. 2000). Nitrogen is vital for peptides,
proteins, enzymes, chlorophylls, ATP, DNA, and other cellular constituents’ synthe-
sis. The increment of lipid fraction occurred due to the reduction of nitrate in growth
medium, although of an almost constant growth rate, thus doubling the productivity
of the oil (Converti et al. 2009).
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3.3 Light Intensity

The limiting factor for microalgal growth is light intensity. Consequently, a suitable
light intensity for microalgal cultivation needs about 1/10 of amount of light from
direct sunlight. This photosynthetic microorganism produces microalgal biomass
by utilizing the sunlight, water, and carbon dioxide. Twenty-five percent consump-
tion of the biomass produced during daylight might be consumed during the night
to sustain the cells until sunrise (Chisti 2007). Some microalgae are fit for heterotro-
phic development on monosaccharide or natural acids. This method of development
offers the likelihood of extraordinarily enhancing the profitability of microalgal cul-
ture using fed-batch and high cell-density strategies, which can’t be connected to
photosynthetic frameworks. These strategies are routinely connected to bacterial
and yeast cultures to product cell densities in the request of 150-200 g 1 dry weight
(Suzuki et al. 1985).

3.4 pH

Acid or basic condition is the suitable pH for microalgal growth. Carbon dioxide
consumption may lead to the increasing of pH in the medium. Therefore, CO,
sparging maintains the pH of the medium. Culture pH was not affecting Chlorella
sorokiniana when the value was higher than pH 4.0, and the growth rate was inhib-
ited drastically at pH 3.0 (Morita et al. 2001).

3.5 Culture Parameters

The most critical parameters controlling algal growth by methods for photosynthe-
sis are ecological conditions, for example, light power, pH, temperature, turbulence,
saltiness, and supplements (Kayombo et al. 2003). The ideal range and the tolerable
scope of working conditions depends on different species, which could associate
with different components.

3.6 Nutrients

Microalgae production requires high concentrations of essential nutrients (C, N, P,
S, K, Fe, etc.). The main focus is on the three most significant nutrients, i.e., carbon,
nitrogen, and phosphorus; supplements are normally taken up in the inorganic
shape; however a few natural types of them are additionally assimilable. A few
supplements don’t show any restraint impacts on microalgal development, while
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others, for example, NO, or NHj3, have inconvenient impacts when exhibited in high
focuses. Supplements in the vaporous frame, for example, CO, and NO, face a note-
worthy impediment which is connected basically to their mass exchange from the
vaporous to the fluid state (Markou et al. 2014).

3.7 Carbon Sources

According to the mode of cell growth (heterotrophic, autotrophic, or mixotrophic),
microalgae can utilize organic and/or inorganic carbon sources for cell growth
(Feng et al. 2011). From the perspective of microalgae cultivation, the most com-
mon organic carbon sources for heterotrophic and mixotrophic cultivation of micro-
algae are glucose, sucrose, lactase, lactose, acetate, glycerol, ethanol (Liang et al.
2009; Perez-Garcia et al. 2011), and other sugars derived from starch, sugar cane,
lignocellulosic biomass, and other sugar sources (Perez-Garcia et al. 2011).

3.8 Phosphorus

Phosphorus is another component that has huge pertinence to the cell development
and metabolism of microalgae. It is one of the basic components containing DNA,
RNA, ATP and cell layer materials, and so on. It is significant that, as a constituent
component of ATP, phosphorus is fundamental to the cell forms identified with
vitality exchange (e.g., photophosphorylation). On another pertinent idea, photo-
synthesis requires a lot of proteins, and the proteins are orchestrated by phosphorus-
rich ribosomes (Agren 2004). Phosphorus-containing ATP/ADP are fundamental
for photophosphorylation. As a result, confinement of development by phosphate
starvation may severely affect different parts of microalgal digestion, including
photosynthesis and lipid aggregation. Phosphorus is especially absorbed as inor-
ganic phosphates as H,PO, - and HPO,>~ (Martinez et al. 1999).

3.9 Other Elements

Magnesium, sulfur, iron, and different components are additionally key for the
development of microalgae (Zhang et al. 2000). Magnesium is required for nitroge-
nase movement utilizing a creatine phosphate—/kinase-/ATP-producing framework
as one of its parts in cell digestion (Roden et al. 1996). Sulfur is a fundamental part
of cysteine and methionine. Without sulfur, protein biosynthesis is hindered, and the
photosynthetic framework PSII repair cycle is blocked (Zhang et al. 2000). Iron is
associated with electron spill out of H,O to NADP* (Roden et al. 1996). According
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to Raven et al (1999), some metals could enter in (noncyclic) photosynthetic elec-
tron transport systems.

3.10 Factors Limiting Microalgae Growth

A few natural parameters, for example, light’s source and intensity, photoperiod,
temperature, saltiness, pH, blending, and so forth, impact the development of micro-
algae (Atta et al. 2013; Singh and Singh 2015). Therefore, it is suggested to adjust
and keep up these parameters amid the cultivation time frame. Table 1 indicates
parameters and their ideal ranges.

4 Culture of Microalgae

The growth qualities and arrangement of microalgae are known to essentially rely
upon the cultivation conditions (Chen et al. 1996). There are four noteworthy sorts
of development conditions for microalgae: photoautotrophic, heterotrophic, mixo-
trophic, and photoheterotrophic cultivation (Chen et al. 1996). Microalgae, how-
ever, developed under pressure conditions, for example, supplement starvation, high
saltiness, high temperature, and so forth, aggregate extensive sums (up to 60-65%
of dry weight) of lipids or sugars alongside a few auxiliary metabolites (Markou
et al. 2014).

4.1 Phototrophic Cultivation

Phototrophic development happens when the microalgae utilize light, for example,
daylight, as the energy source, and inorganic carbon (e.g., carbon dioxide) as the
carbon source to shape of chemical energy (e.g., polysaccharides, proteins, lipids,

Table 1 A generalized set of conditions for culturing microalgae

Parameters Range Optimum

Temperature (°C) 16-27 18-24

Salinity (gl™") 12-40 20-24

Light intensity (Lux)* 1000-10,000 2500-5000

Photoperiod (light/dark) - 16:8 (minimum)
24:0 (maximum)

pH 7-9 8.2-8.7

“Depends on volume and density
Adapted from Singh and Singh (2015) and Kamyab et al. (2016b)
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and hydrocarbons) through photosynthesis (Chen et al. 1996; Huang et al. 2010).
This species is the most regularly utilized development condition for microalgae
growth (Gouveia and Oliveira 2009; Yoo et al. 2010). Rather, both lipid substance
and biomass generation should be considered simultaneously. Thus, lipid profitabil-
ity, considering the consolidated impacts of oil substance and biomass creation, is a
more reasonable execution file to show the capacity of a microalga with respect to
oil generation (Chen et al. 1996). The real favorable advantage of utilizing autotro-
phic cultivation contrasted with different kinds of development; the defilement issue
is less serious when utilizing autotrophic development. In this way, outside scale-up
microalgae development systems (e.g., open ponds and raceway ponds) are nor-
mally worked under phototrophic development conditions (Mata et al. 2010).

4.2 Heterotrophic Cultivation

Heterotrophic development is the condition when microalgae utilize natural carbon
as both the energy and carbon source. This sort of development offers a few points
of interest over phototrophic development as far as end of light prerequisite, great
control of the development procedure, and ease for collecting the biomass (Chen
et al. 1996). Some microalgae species demonstrate higher lipid content amid het-
erotrophic development, and a 40% expansion in lipid content was gotten in
Chlorella protothecoides by changing the development condition from photo-
trophic to heterotrophic (Xu et al. 2006; Chen et al. 1996). Zheng et al., (2013)
studied on the biomass and lipid productivities of heterotrophic refined microalgae
Chlorella sorokiniana. The authors investigated the impact of temperature and
medium variables such as carbon source, nitrogen source, and their underlying fixa-
tions. Authors reported the most extreme lipid substance of 31.5% was accom-
plished in 96 h, and the lipid profitability was 2.9 g L~ d~!. Carbon sources are the
most imperative component for heterotrophic culture of microalgae in the genera-
tion of lipids. Microalgae can absorb an assortment of natural carbon sources, for
example, glucose, acetic acid derivation, glycerol, fructose, sucrose, lactose, galac-
tose, and mannose relying upon microalgae species utilized for development (Liang
et al. 2009). For example, (Chen et al. 1996) analyzed three carbon sources like
acetic acid derivation, glucose, and glycerol for creating significantly higher bio-
mass and in addition lipid content in cells by Chlorella protothecoides performance.
A few investigations have along these lines concentrated on finding less expensive
natural carbon sources, for example, corn powder hydrolysate (CPH) rather than
sugars, bringing about high biomass (2 g/L/day) and lipid (932 mg/L/day) produc-
tivities (Plaza et al. 2009). Once more, heterotrophic development gives consider-
ably higher lipid efficiency, as the most noteworthy lipid profitability from
heterotrophic development is almost 20 times higher than that got under photo-
trophic development. In any case, the sugar-based heterotrophic framework much
of the time experiences issues with tainting (Chen et al. 1996).
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4.3 Mixotrophic Cultivation

Mixotrophic cultivation happens when microalgae experience photosynthesis and
utilize both natural mixes and inorganic carbon (CO,) as a carbon source for growth.
This mentions that microalgae are able to live under either phototrophic or hetero-
trophic conditions or both (Chen et al. 1996). Natural mixes and CO, as a carbon
source absorbed by microalgae, at that point microalgae discharge CO, by means of
breath, will be caught and reused under phototrophic growth (Mata et al. 2010).
Contrasted and phototrophic and heterotrophic cultivation, mixotrophic develop-
ment is once in a while utilized as a part of microalgal oil generation (Chen et al.
1996). For instance, the development and lipid efficiency of a separated microalga
Chlorella vulgaris ESP-31 were explored under various media and developmental
conditions, including phototrophic (NaHCO; or CO,, with light), heterotrophic
(glucose, without light), photoheterotrophic (glucose, with light), and mixotrophic
(glucose and CO,, with light). The results demonstrated the higher lipid efficiency
(67-144 mg/l/d) were obtained under mixotrophic growth along with the utilized
media (Yeh and Chang 2012).

4.4 Photoheterotrophic Cultivation

Photoheterotrophic cultivation takes place when the microalgae require light when
utilizing natural mixes as the carbon source. The principal distinction among mixo-
trophic and photoheterotrophic cultivation is that the last requires light as the energy
source, while mixotrophic cultivation can utilize natural mixes to fill this need.
Along these lines, photoheterotrophic development needs the two sugars and light
in the meantime. Despite the fact that the creation of some light-directed valuable
metabolites can be improved by utilizing photoheterotrophic cultivation, utilizing
this way to deal with the delivery of biodiesel is exceptionally uncommon, similar
to the case with mixotrophic cultivation (Chen et al. 1996). Algal-bacterial frame-
work that productively debases thiocyanate (SCN-), a lethal contaminant, and dis-
plays high lipid efficiency was created. A consortium of blended microscopic
organisms (activated sludge) and microalgae was consecutively cultivated under
photoautotrophic and photoheterotrophic modes. The development mode was
changed to photoheterotrophic conditions in a consecutive way. Algal-bacterial cul-
ture containing Chlorella protothecoides and Ettlia sp. yielded essentially higher
lipid efficiency under photoheterotrophic conditions contrasted with photoautotro-
phic conditions showing 28.7 and 17.3 higher productivity (Ryu et al. 2014).
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S Microalgae Harvesting Methods

Choice of harvesting technique is subject to attributes of microalgae, e.g., size,
thickness, and e-value of the target products (Olaizola 2003). Generally, microalgae
harvesting is a two-phase process, including (1) bulk gathering—aimed at detach-
ment of biomass from the mass suspension. The focus factors for this activity are
generally 100-800 times to reach 2—7% total solid matter. This will rely upon the
initial biomass fixation and advances utilized, including flocculation, flotation, or
gravity sedimentation. (2) Thickening—the point is to concentrate on the slurry
through methods, for example, centrifugation, filtration, and ultrasonic accumula-
tion, subsequently—is for the most part a more energy concentrated advancement
than mass harvesting (Olaizola 2003).

5.1 Gravity and Centrifugal Sedimentation

Gravity and centrifugal sedimentation techniques depend on Stokes’ law (Schenk
et al. 2008), i.e., settling characteristics of suspended solids are determined by
thickness and range of algae growth cells (Stoke’s sweep) and sedimentation veloc-
ity. Gravity sedimentation is the most well-known harvesting method for algae
growth biomass in wastewater treatment due to the extensive volumes treated and
the low scale of the biomass produced (Nurdogan and Oswald 1996). However, the
strategy is reasonable for expansive (ca. >70 mm) microalgae, for example, Spirulina
(Munoz and Guieysse 2006). Centrifugation recovery (CR) is favored for gathering
of high-value metabolites and expanded time frame of realistic usability concen-
trates for incubators in aquaculture (Heasman et al. 2000). The procedure is quick
and energy intensive; biomass recuperation relies upon the settling qualities of the
cells, slurry residence time in the centrifuge, and settling depth (Grima et al. 2003).
The drawback point of the procedure incorporates high energy costs and potentially
higher support requirements because of freely moving parts (Bosma et al. 2003).
Harvesting productivity of>95% [50] and increment in slurry focus by up to 150
times for 15% aggregate suspended solids are actually feasible (Mohn 1980).

6 Growth Cycle of Microalgae

In the batch cultures, the growth bend of algae growth, as with most microbial
frameworks, can be represented by the accompanying stages: (a) lag phase, (b)
exponential growth stage, (c) deceleration growth stage, (d) stationary stage, and (e)
demise stage (Shuler and Kargi 2002) as described in Fig. 1. The cellular structure
and metabolic way can be differed amid each stage because of supplement levels
inside the batch vessel (Shuler and Kargi 2002).
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Fig. 1 Typical growth curve for microorganism population

6.1 Lag Phase

Lag stage is a time of cell adjustment in accordance with the new condition, which
occurs instantly after inoculation. In this stage, cells encounter a supplement-rich
condition, however altogether not the same as that of the seed culture from which
the cell was exchanged. The growth occurs in the new framework; adaption happens
by incorporating enzymes and co-proteins essential for cell multiplication (Shuler
and Kargi 2002). Length of the lag stage depends on the measure of cells exchanged
to the new growth medium, the supplement levels present, and culture age. The time
duration which the inoculum has been cultured strongly affects the length of lag
stage in a batch culture. Typically, the lag time frame increments with the age of the
inoculums (Shuler and Kargi 2002).

6.2 Exponential Growth Phase

At this level, also called as the logarithmic growth phase, the cells have changed in
accordance with their new environment. At the point when there is indication of
growth, the development curve is moving from the lag stage into the exponential
growth stage or logarithmic growth stage. After cells are adjusted to the new condi-
tion and new protein/compounds are orchestrated, cells begin to develop exponen-
tially quickly (Shuler and Kargi 2002). Nevertheless, exponential development not
just occurred after the lag stage yet additionally can occur after stationary stage
(Monod 1949). This is a period-adjusted growth, in which all parts of the cells grow
at a similar rate, because the normal organization of a single cell remains roughly
steady during exponential period of development. During this adjusted growth, the
net particular growth rate determined from either cell number or cell mass would be
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the same. Since the supplement focuses are vast in this stage, the development rate
is free of supplement concentration. The exponential development rate is first
requested (Shuler and Kargi 2002):

=XX=X0atr=0 drdX pnet (D)
where integration X and X0 are cell concentrations at time ¢ and ¢ = 0.

TnettorX XenetX Xu 00 In 2)

The time required to double the microbial mass is given by Eq. 2. The exponential
growth is characterized by a straight line on a semilogarithmic plot of In X versus
time:

netnetdu ut =1In2 =0.693 3)

where 7d is the doubling time of cell mass.
Similarly, a doubling time based on cell numbers and the net-specific rate of
replication may be calculated:

Rdut'=1In2 4)

where 7'd is the doubling time based on the replication rate. During balanced
growth, zd will equal 7’'d, since the average cell composition and size will not
change with time.

6.3 Deceleration Growth Phase

Supplements are expended, and poisons are discharged into nature, in this stage.
Space or volume required for cell multiplication may wind up restricted. Assumptions
in the exponential stage are never again substantial. As such, expanding lethality
and diminishing supplement level decrease the growth rate of cell. Additionally the
cell morphology and physiology may change (i.e., size, cell structure, and metabolic
pathways) (Shuler and Kargi 2002). Additionally, this stage takes place as quickly
as changing conditions results in unbalanced development, in which zd, and 7’d will
not be equivalent. This stage is called deceleration development stage before the net
growth rate achieves zero. The model created on the exponential growth stage can-
not be utilized to foresee precise biomass fixation without redesigning the condition
(Shuler and Kargi 2002).
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6.4 Stationary Phase

Stationary stage resulted in light of the fact that microorganism might not grow
uncertainly, in alternate words that the net growth rate achieves zero. The growth
bend enters the stationary stage from deceleration growth stage. The metabolic
pathway is changed from essential metabolites to auxiliary metabolites (Shuler and
Kargi 2002). A few preparations can be framed in this stage, for example, aggrega-
tion of lipid (Gouveia and Oliveira 2009). In this stage, the aggregate cell fixation
may remain consistent, but total practical cells may diminish. This leads the consis-
tent decline of the net particular growth rate into the demise stage. Another expo-
nential stage might be seen after the stationary stage with a lower net particular
growth rate (in contrast with the illustration during the initial exponential growth
stage). This could be because of the cell lysis, where the lysed cells could be utilized
for growth (Shuler and Kargi 2002).

6.5 Death Phase

Death stage is the decay rate of the microbial populations which is higher than the
growth rate. This stage occurs after the stationary stage. In any case, the outline
between late stationary and early demise stage might be hard to characterize with
accuracy. In the death stage, the net particular stage is negative because of reducing
quantities of reasonable cells, supplement consumption, and presence of lethal pres-
sure (Shuler and Kargi 2002).

7 Microalgae Versus Wastewater

Numerous types of microalgae can viably exist in wastewater conditions through
their capacity to use copious natural carbon and inorganic N and P in the wastewater
(Kamyab et al. 2014;Kamyab et al. 2015). Furthermore, the utilization of microal-
gae in the wastewater manufacture is still genuinely constrained. Algae growth is
utilized all through the world for wastewater treatment but on a generally minor
scale. This is either using regular oxidation (adjustment) ponds or the more created
suspended algal lake frameworks, for example, high-rate algal lakes which are shal-
low raceway-type oxidation ponds with mechanical blending and have been
observed to be exceedingly successful for wastewater treatment (Pittman et al.
2011). A noteworthy necessity of wastewater treatment is the need to expel high
convergences of supplements specifically N and P, which generally can prompt dan-
gers of eutrophication if these supplements aggregate in river and ponds (Pittman
et al. 2011). Microalgae are proficient in evacuating N, P, and poisonous metals
from wastewater (Wang et al. 2010) and in this manner can possibly assume a
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critical remediation part especially during the last (tertiary) treatment period of
wastewater (Pittman et al. 2011). The noteworthy preferred standpoint of algal pro-
cedures in wastewater treatment over the regular substance-based treatment strate-
gies is the potential cost sparing and the lower-level innovation (Mallick 2002;
Wang et al. 2010). An extensive variety of studies have broken down the develop-
ment of microalgae under an assortment of wastewater condition (Pittman et al.
2011).

Regular municipal sewage treatment comprises of an essential treatment stage
for the sedimentation of solid materials, a secondary treatment stage in which sus-
pended and dissolved natural materials are expelled, and a tertiary treatment stage
in which last treatment of the water is performed before release into condition.
During tertiary treatment stage, a considerable decrease in inorganic compounds
occures, for example, N and P absorbs by microalgae (Pittman et al. 2011). Some
unicellular green microalgae species are especially tolerant to sewage effluent con-
dition (Ruiz-Marin et al. 2010; Pittman et al. 2011). For instance, different types of
Chlorella and Scenedesmus can expel up to >80% alkali, nitrate, and aggregate P
from auxiliary-treated wastewater (Ruiz-Marin et al. 2010; Zheng et al. 2013).
Moreover, microalgae additionally appeared to growth and effectively expel supple-
ments from essential settled sewage wastewater. This showing the capability of
microalgae for developing and expelling of supplement is not essentially subject to
treatment level (Mallick 2002; Pittman et al. 2011).

In contrast with municipal local sewage-based wastewater, agricultural wastewa-
ter, which is frequently resulted from compost, containing high N and P (Pittman
etal. 2011). In spite of high supplement fixations, previous scholar investigated that
effective development of microalgae on rural waste and additionally municipal
wastewater, microalgae are proficient at reducing N and P from wastewater (Pittman
et al. 2011). Investigations of algal-intervened supplement recuperation from dairy
manure have surveyed the capability of benthic freshwater green growth (algae)
instead of planktonic (suspended) algae growth because of the potential higher sup-
plement take-up rates in a few types of benthic algae. These species incorporate
Microspora willeana, Ulothrix sp., and also Rhizoclonium hierglyphicum. Different
studies on using a semicontinuous cultivation technique where the benthic algal
growth was developed in reusing wastewater with new fertilizer has been increased
by the scholars. For instance, algal cultivation rates and supplement take-up were
observed to be high and identical to values from algae growth cultivation on munici-
pal wastewater (Pittman et al. 2011).

A few investigations have analyzed microalgae cultivation and supplement
expulsion characteristics utilizing artificial wastewater (Aslan and Kapdan
2006;Pittman et al. 2011). Usage of a simulated medium has advantages, for exam-
ple, usability for starting research facility-based examinations. It additionally takes
into account a streamlined examination of the significant segments in a wastewater
medium without one expecting to consider obscure factors, for example, biotic
parts. Most manufactured wastewater media are made out of inorganic constituents
including high concentrations of particular supplements and will lack solid natural
material and other potential poisons. Hence, there might be a few disadvantages in
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utilizing manufactured wastewater to survey conditions in actual wastewater. Real
examinations of artificial wastewater with municipal wastewater have discovered
that albeit supplement expulsion rates are comparable, microalgae growth rates are
higher in simulated wastewater (Ruiz-Marin et al. 2010; Pittman et al. 2011). This
is likely because of expanded poisonous quality of the actual wastewaters, inhibi-
tory or aggressive impacts of indigenous microorganisms and protozoa, and by the
distinctive synthetic organization of the wastewaters (Pittman et al. 2011).

There is critical enthusiasm for the utilization of microalgae for remediation of
mechanically determined wastewaters, principally for the evacuation of substantial
metal contaminants (cadmium, chromium, zinc, etc.) and natural compound poi-
sons (hydrocarbons, biocides, and surfactants), instead of N and P. Because of, for
the most part, the low N and P focus and high poison fixations, algal development
rates are brought down in numerous modern wastewaters. Therefore, there is less
potential for using modern wastewaters for expansive scale age of microalgae bio-
mass (Pittman et al. 2011). The wastewater incorporates process chemicals and
shades utilized as a part of the mills, plus a range of inorganic components including
low concentrations of metals and generally low concentrations of aggregates P and
N. This wastewater was appeared to be sufficiently low in poisons and had enough
P and N to help microalgae growth, with two freshwater microalgae Botryococcus
braunii and Chlorella saccharophila and a marine alga Pleurochrysis carterae,
ready to become especially well on the untreated wastewater (Chinnasamy et al.
2010). With the huge measure of wastewater accessible from this industry, a lot of
biomass and possibly likewise biodiesel could be produced from this asset (Pittman
et al. 2011).

8 Sustainable Algal Biomass Production with Wastewater

Algae grow naturally in a wide range of environments. Typical requirements for
phototrophic algae include sunlight, CO,, temperatures between 20 and 30 °C,
water, and nutrients (primarily N, P, and K). Algae have been grown on an industrial
scale for different purposes such as treatment of organic residues, nutrient recovery
for animal feed and fertilizer, human food, and production of biofuels. In industrial
algae production, the ideal conditions may be provided, such as artificial light with
the appropriate photoperiod and wavelength, consistent CO, supply, optimal tem-
perature, and essential nutrients like nitrogen (N) and phosphorous (P). Providing
optimal conditions improves the algae growth rate and potentially improves the
composition (oil, starch, protein) of the algae, although it increases the costs of the
production. Table 2 presents a recent comparison between open and close cultiva-
tion system in terms of environmental impact, biological issues, process issues, and
costs. Measuring the algae concentration and growth rate during cultivation is a
critical parameter for evaluating the feasibility of algae production. Carbon sources
are essential for microalgae growth. Photoautotrophic organisms are the organ-
isms that derive their energy for food synthesis from light and are capable of using
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Table 2 Comparison between open system and close systems for microalgae production

Parameter Open Systems Closed systems
Environmental impact Land footprint High Low

Water footprint High Low

CO, losses High Low
Biological issues Algae species Restricted Flexible

Contamination High risk Low risk

Biomass productivity Low High

Biomass composition Variable Reproducible
Process issues Temperature control Yes No

Weather dependence High Low

Energy requirement Low High

Process control Difficult Easy

Use of wastewater Yes Yes

Reactor cleaning Not required Required
Costs Investment cost Low High

Operational costs Low High

Harvesting costs Low High

Adapted from (Barros et al. 2015)

carbon dioxide as their principal source of carbon. Hence, photoautotrophic cultiva-
tion implies that inorganic types of carbon (CO, or bicarbonates) are provided to the
cultures, while light energy is changed into compound energy through photosyn-
thesis (Ren et al. 2014). Other microalgae strains can utilize natural carbon as both
energy and carbon source (heterotrophic cultivation); this cultivation framework
is however practiced for the creation of high-value items as it were. Mixotrophic
nutrition mode is the mix of both autotrophic and heterotrophic. Table 3 shows a
comparison between photoautotrophic, heterotrophic, mixotrophic, and photohet-
erotrophic cultivation conditions. The following section provides extra details on
each metabolism system.

8.1 Application of Microalgae in Biomass Production and CO,
Sequestration

Microalgae have been broadly utilized for different applications, for example, bio-
fuels, animal feed, nourishment supplements, beautifiers, pharmaceuticals, nutra-
ceuticals, CO, capture, and so on (Nesamma et al. 2015; Kamyab et al. 2016c). In
addition, microalgae are likewise utilized as a part of wastewater treatment for con-
tamination and supplement evacuation. That is due to microalgae growths which are
subject to supplement focus and in addition light, temperature, saltiness, and pH
(Venkatesan et al. 2015). The use of microalgae mainly in wastewater treatment
depends on light capacity of phototrophic microorganisms to supply oxygen to
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Table 3 Comparison between cultivation conditions (Chen et al. 1996)

Cultivation condition
Photoautotrophic Heterotrophic Mixotrophic Photoheterotrophic
Energy source | Light Organic Light and Light
organic
Carbon source | Inorganic Organic Inorganic and Organic
organic
Cell density | Low High Medium Medium
Cost Low Medium High High
Reactor Open pond/PBR Conventional Closed PBR Closed PBR
scale-up fermentor
Issues with Low cell density Easily Easily contaminated
scale-up High condensation | contaminated High equipment cost
cost High substrate High substrate cost
cost

vigorous natural contamination which could degrade and improve the absorption of
supplements and pathogens (Kamyab et al. 2016b).

Major greenhouse gas is CO, leading to global warming. Most of CO, emission
is from electrical power plants, automobiles, and industrial sources such as cement
processing. Using algae-based CO, sequestration to reduce CO, is a sustainable
solution to reduce global carbon footprint. CO, sequestration is a notion based on
capturing the total CO, emitted from various sources by growing microalgae which
are used to make biofuel (Eloka-Eboka and Inambao 2017). Many algal species
such as Chlorella vulgaris, Nannochloropsis sp., Scenedesmus quadricauda,
Chlamydomonas reinhardtii, and Nannochloris sp. have been studied to sequester
CO,. One of the most attractive features of microalgae is to trap gaseous CO, in
ponds or photobiorectors and have higher photosynthetic efficiencies than terrestrial
plants. CO, dissolves in water and exists in the form of CO,, HCO; , H,CO;, and
CO,*. Among them, microalgae transport CO, and HCOj5 into cell for photosynthe-
sis (Zhao and Su 2014). Features of microalgae such as high protein, lipid, and
carbohydrate contents make them attractive feedstock for biofuel production (Pavlik
et al. 2017). The algal lipids can be extracted and converted to biodiesel to be used
as biofuel (Mondal et al. 2017). The potential benefit of making biofuel from algae
is it reduces lifecycle of greenhouse gases (GHG), as algae biomass converts CO,
through photosynthesis into bio-plant material which is eventually released back to
the atmosphere via microorganisms when used as a fuel, via engine tail-pipe emis-
sions (Shirvani 2012).
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