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Abstract: Microalgae are considered as an outstanding feedstock to produce high value lipid products like biodiesel
and biomedicine. Reaching commercial maturity in this field is possible in the case of maximizing lipid yield and
minimizing prime costs. In order to clarify the best features of carbon source (for microalgae cultivation) to reach
optimum efficiency of biomass and lipid production, this paper reviews the merits and demerits of different trophic
modes as well as type and concentration of carbon source. Furthermore carbon supplementation for large scale
microalgae cultivation and lipid production is discussed as an economical point of view.

Keywords: microalgae, biomass, lipid, trophic modes, carbon source

1. Introduction

The importance of lipid nutritional supplements has been considered from many years ago, when some products
like fish oils and shark liver oil were highly consumed as beneficial supplements [1]. Concurrent with developing
lipid production through oil corns, lipids were regarded in terms of cosmetic applications [2]. Afterward, significance
of lipids for biodiesel production, and also their value in the field of pharmaceutical advances (such as drug delivery
process) attracted much consideration [3]. Fatty acids composition of lipids specifies the application of extracted lipids.
For example, polyunsaturated fatty acids (PUFAs) are such as omega-3 fatty acids are interested as high-value products
nutraceuticals and pharmaceutical industry [4], while neutral lipids, monounsaturated and saturated fatty acids (MUFAs &
SFAs) are preferred for biodiesel production [5-6].

Many scientific reports have described advantages of utilizing microalgae for lipid production over the other
available feedstocks, which are briefly listed below:

(1) Microalgae have a really short simple life cycle and non-seasonal growth. (2) They don’t need arable land for
cultivation [7]. (3) Practically microalgae give us much higher growth rate and productivity (per hectare) as compared
with higher plants [8]. (4) Different microalgae species can be adapted to survive in a variety of environmental
conditions [9]. (5) Depending on applied species and cultivation conditions, a wide variety of lipid profiles, for different
purposes, could be achievable from microalgae cultures [10]. (6) Microalgal biodiesel while contains no sulfur, can
perform as great as petroleum diesel [11]. (7) Microalgae could be a suitable feedstock, not only for lipid production, but
also for producing some other valuable products such as methane, ethanol and hydrogen [12]. (8) After oil extraction,
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the residual biomass can be processed to organic fertilizer [13] and also livestock feed because of possessing a high N/
P ratio [14]. With consideration to all mentioned merits, microalgae could potentially revolutionize lipid production
industry. However, despite many researches and developments in this field, microalgal lipid production has not reached
commercial maturity yet. In order to make this technology economically viable, two main points which should be
considered include decreasing input costs (for cultivation process) and improvement of lipid yield. In an easier word,
our ideal is obtaining highest biomass and lipid productivity with lowest cost investment [15].

Current paper aimed to review feasibility for commercialization of microalgal lipid production based on above
mentioned points in association with carbon source features. It should be elucidated that in microalgae which are
photosynthetic microorganisms, cell growth (biomass productivity), as well as quantity and quality of produced
metabolites (like lipids) are extremely affected by carbon metabolism. Accordingly, here we provided a comparative
review on microalgal lipid yield under different trophic modes of cultivation, followed by presenting effect of carbon
type and concentration on lipid efficiency, and finally discussing on carbon supplementation for large-scale lipid
production, as an economical point of view.

2. Different trophic modes for microalgae cultivation
2.1 Photoautotrophy

All microalgae can utilize inorganic carbon (CO,) in the presence of light through photosynthesis. This cultivation
strategy, known as photoautotrophy, is the most common mode of microalgae growth [16], particularly in natural
ecosystem which cause CO, sequestration [17]. Carbohydrates generated through CO, fixation act as energy source to
drive metabolic activities [18]. On the other hand, CO, released by carbohydrates catabolism, can be reutilized during
photosynthesis [16]. Indeed, photoautotrophic microalgae transform light to ATP and NADPH, which are consumed for
glucose generation in Calvin-Benson cycle. The produced glucose would be a backbone for the other metabolic routes
to generate other metabolites like proteins, complex carbohydrates and lipids [19]. Briefly, under photoautotrophic
condition microalgae generate organic matters and energy by fixing CO, as carbon source and sunlight as energy source
(Table 1).

Table 1. The characteristics of different trophic modes, merits and demerits

Trophic mode Carbon source Energy Top advantages Main disadvantages
Convenient & lowcost sources Light-dependency
Photoautotrophy  Inorganic carbon (CO,) Light CO, sequestration Low biomass & lipid productivity
Low contamination risk Affected by environmental factors

High cost of carbon source
High contamination risk
Disable to induce photo-dependent
microalgal metabolites

Light-independency
Heterotrophy organic carbon organic carbon Lower harvesting cost
High biomass & lipid productivity

Top growth rate & high biomass yield
High lipid productivity
Being more prevented against photo
oxidative damage
Lower photoinhibition of substrate uptake
Improved transesterification process due to
lower chlorophyll synthesis (compared to
autotrophy)
More economic than heterotrophy

Limited number of mixotrophic
species
High cost of carbon source
High contamination risk

Inorganic & organic Light & organic

Mixotrophy carbon carbon

Low lipid production
Photoheterotrophy organic carbon Light High biomass production High contamination risk
High cost of carbon source
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The main advantage of utilizing photoautotrophic mode for microalgae cultivation is the sequestration of
atmospheric CO, and bypassing its destructive environmental effects [20-22]. However, the ability of microalgae to
eliminate CO, is different and depends on the capacity of Rubisco enzyme for CO, fixation. Moreover, the essential
necessities for microalgae photoautotrophic growth include light, CO,, macro and micro-nutrients. With consider to
accessibility of sources, photoautotrophic cultivation for production of biomass has propelled the commercial feasibility
of this strategy for many years [23]. As another advantage, the risk of bacterial and fungal contamination is lower than
the other trophic modes [15]. Therefore, outdoor cultivation of microalgae in mega-scale (like open pound) is usually
set up under photoautotrophic condition.

Light-dependency is the principal drawback of photoautotrophic cultivation mode. In the case of using sun-light
for microalgae cultivation in mega-scale, day-night cycles and diurnal variation in light intensity are considered the
major problems [24]. Also, the need for high area to volume ratio (A/V) in photobioreactors is another obstacle of this
mode. On the other hand, since this cultivation approach is quite photo-dependent, shading effect would be an important
limiting factor for algal growth in this way, especially in the case of having a non-adequate mixing system [25].

However, based on its convenience sources, photoautotrophic cultivation strategy seems to be economically viable;
low biomass productivity of this approach makes it non-appropriate for trade-scale lipid production. because biomass
harvesting cost is increased and the economy of lipid-based products is influenced [26]. In most cases, lipid productivity
under photoautotrohic condition has been reported to be lower in comparison to the other nutritional modes [16].

2.2 Heterotrophy

In heterotrophic mode of cultivation, cell growth relies on metabolism of organics to provide carbon source and
energy. Indeed, organic substrates are responsible to provide energy for metabolic reactions of the microalgae cells
as well as carbon skeleton for further biomass production in this trophic mode. Under dark condition, heterotrophic
cultivation could be combined with fermentation. Dark metabolism of photosynthetic microalgae is similar to that of
non-photosynthetic organisms like bacteria [27].

Some microalgae species, belonging to different taxonomic groups, can survive in dark conditions due to
possessing the metabolic plasticity which enables them to absorb and assimilate organic carbon sources [28]. The ability
of microalgae to thrive in these conditions mainly depends on biochemical and physiological characteristics of the strain
including cell permeability, membrane diffusion, active transport and enzymatic processes [29].

Heterotrophic and photoautotrophic cells are physiologically different in some aspects including the rate of CO,
fixation, carbon incorporation and chlorophyll concentration [18]. Heterotrophic cells exhibit the potential of some
morphological variations that enable them to adapt to new metabolic circumstances. Take for instance it’s reported that
in heterotrophic cells of Tetraselmis suecica, in the case of shifting the energy source from light to carbon source, since
no phototropism is needed any longer, flagella disappear [30].

All growth conditions have their own pros and cons (Table 1). Light-independency of heterotrophic cultivation
strategy makes it more convenient for photobioreactor design, since high A/V ratio is needed in such condition [31].
Moreover, heterotrophy conquers the main problems of photoautotrophic cultivation mode, originated from photo-
dependent factors. High availability of carbon source of density in the cultures as compared photoautotrophic ones.
Therefore, higher lipid productivity will be achievable with this nutritional regime [32]. In this line, a 40% increase in
the lipid content of Chlorella protothecoides was achieved after shifting the cultivation mode from photoautotrophy to
heterotrophy [33]. The highest lipid productivity of heterotrophic cultures, reported to date, has been about 3700 mg/
L-day”, belonged to Chlorella [34], while its maximum level under photoautotrophy has been found to be 179 mg/L-day
for Chlorella sp. [35].

Boosting biomass and lipid productivity under heterotrophic condition results in declining the harvesting cost.
Accordingly, biomass and lipid productivity by heterotrophic species, under darkness would be more economic than
photoautotroph condition since they can run the metabolism in dark and duplicate their biomass [36]. Transition
from photoautotrophy toward heterotrophy takes place gradually, and microalgae can adapt their metabolic routes to
succeed in new conditions. In this regard, inoculums must possess the organic substrate, and it must be grown in less
illumination hours for gradual acclimation to the dark [37].

As a commercial point of view, the cost of media supplementation with organics is the most prominent short fall
of heterotrophic mode for large-scale microalgal cultivation [32]. Using carbon-rich wastewater, as an alternative for
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cultivation media including pure organic materials, could be a solution for decreasing production cost. However,
increasing the contamination probability by other heterotrophic microorganisms such as bacteria is a certain challenge
for these systems. Decontamination will be an additional step which excesses the cost and labor of microalgae culture.
As another drawback for heterotrophy, it should be taken into the account that biosynthesis of some valuable metabolites
is quite light-dependent; thus such metabolites will not be produced by heterotrophic cultures [28]. On the other hand,
photosynthetic oxygen evolution is ceased under dark condition. Diminution of oxygen level is a major parameter
negatively affecting the heterotrophically cultivated cells. As an example, low biomass productivity of Chlorella sp.
especially in dense cultures was attributed to the oxygen limitation in cultivation media [38].

2.3 Mixotrophy

A few numbers of microalgal species, with potential of organic metabolization in the presence of light are able
to grow mixotrophically. Mixotrophic microalgae undergo photosynthesis, while they can utilize organics as a source
of carbon and energy. It means that mixotrophic microalgae not only could metabolize organic carbons to sustain
their growth and accumulate lipids, but also could at the same time assimilate CO, and produce oxygen through
photosynthesis [39].

As a matter of fact, mixotrophy incorporates advantages of heterotrophy and photoautotrophy; and covers
the downsides of both strategies. Under mixotrophic condition light energy is not a limiting factor for cell growth
and productivity, unlike photoautotrophy [31]. On the other hand, microalgal cells could maintain light-dependent
biosynthesis of some valuable products like pigments and carotenoids, unlike heterotrophy [40-41]. Different from
heterotrophy, mixotrophic cultivation of microalgae fulfills the aim of CO,-sequestraion somehow.

During the first phase of this model, existing the high content of initial organic carbon in the medium induces
heterotrophic condition. When the organic carbon get drained to a certain level, by triggering CO,-fixation,
photoautotrophy as second phase will be lunched. In the case of integrating this two-phase mode with dark-light
cycle, which allows the growth of autotrophy and heterotrophy under their optimum conditions, the biomass and lipid
content of the mixotrophic cultivation will be not merely a sum of autotrophy and heterotrophy [42]. For example,
under mixotrophic condition in the presence of 1% glucose, biomass productivity in Chlamydomonas globose,
Chlorella minutissima and Scenedesmus bijuga was found to be respectively 4.9, 6.7 and 5.8 times higher than the
photoautotrophically cultured cells [43].

Mixotrophy seems to be a suitable strategy to achieve large amounts of biomass as well as desired metabolites.
There are several reports considering the enhanced lipid production in mixotrophic conditions in different microalgae.
For example, lipid production by mixotrophic cultures of 7etraselmis sp. KY 114885, in the presence of 7.5 g/L glucose,
was reported to be almost 2.5 times more than that of autotrophic cells [44]. Among different trophic strategies,
tested for lipid production by Scenedesmus quadricauda, mixotrophic cultivation, using 5 g/L glucose followed by
heterotrophic condition, revealed the highest lipid productivity [45], probably due to excess carbon availability. It
is suggested that exogenous carbon sources provoke the biosynthesis of fatty acids/carbohydrates. Thus higher lipid
production under mixotrophic condition could be related to carbon flux toward glycolytic pathway or acetyl-coA (as a
main precursor for fatty acid) biosynthesis [46].

In spite of existing many satisfactory results for lipid production by mixotrophic cultures of microalgae, there are a
few reports indicating inadequate lipid productivity in this approach. Namely, as it was reported in Asterarcys sp. SCS-
1881, lipid content of mixotrophically-grown microalgae was 26.3% lower than the value measured in photoautotroph
condition. The complementary experiments suggested that in this microalgae down-regulation of 3-ketoacyl CoA
synthase, the enzyme responsible for fatty acid elongation, under mixotrophy might be the reason for lower lipid
accumulation [27].

In aqua ecosystems, mixotrophy is the main form of metabolism, because these ecological habitants consist organic
carbon substrates to support homeostatic structure and function of living systems, including microalgae and other
organisms [18].

2.4 Photoheterotrophy

A few species known as photoorganotrophs (photoheterotroph) can utilize light as energy source and organic
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compounds as carbon source without the requirement to carbon dioxide [47]. Hence, in photoheterotrophic microalgae,
both carbon substrates and light are needed at the same time. Even though, photoheterotrophy can enhance metabolite
production of some microalgae, it has rarely been conducted in large scale for biofuel production [16]. Similar to
heterotrophy and mixotrophy, the limitations of light dependency as a main obstacle to achieve high biomass production
especially in large-scale, is prevented in photoheterotrophy [18]. Up to now, little information has been published in
literature about using photoheterotrophic cultivation of microalgae for oil production.

3. Impact of carbon type and concentration on quantity and quality of microalgal
lipid production
3.1 Various type of organic carbon for media supplementation

In order to microalgae cultivation trough all described trophic modes except photoautotrophy, the media culture
should be included a kind of organic carbon source. Different types of monosaccharides, disaccharides, polyhydric
alcohols and organic acids can be utilized to this end. A combination of carbon substrates can also be added to the
culture media, as it was shown for C. protothecoides which could metabolize the mixture of glucose, glycerol and
acetate [48].

The usable type of carbon source depends on some biochemical and physiological parameters of microalgae
species. One of most known parameters in this regard is existing the required transport systems within microalgal cell
membrane, for uptaking the carbonic substrates. For instance, it is indicated that those microalgae species which have a
monocarboxylate transporter, are able to consume acetate from the growth media [49]. As another example, in Chlorella
vulgaris an inducible H'/hexose symporter is recognized for uptaking some hexoses from the medium. As is reported,
some hexose sugars such as D-glucose, D-fructose, and D-galactose could induce the gene expression of mentioned
transporter upon 15 minutes of adding those sugars to media culture. This enables microalgae cells to consume those
hexoses as a carbon source. Whereas sucrose, D-mannose, and sugar alcohols could not be uptaken from medium by
the cells, as they were not able to induce the symporter gene expression [50]. Interestingly, it was indicated that when
GLUT]1 gene (encoding a glucose transporter) was introduced to Phaeodactylum tricornutum cells, resulted in changing
the metabolism of the microalgae from obligate photoautotrophy to heterotrophy [51].

The type of carbon source, influences on both biomass and lipid productivity of microalgae cultures. However,
sometimes may be one kind of carbon source could be the best choice to have the highest biomass yield, while the
other type would be the optimum one for lipid production. In this line it was found that, even though glycerol could
not increase the biomass production of Haematococcus pluvialis, it upgraded the lipid content of the microalgae as
36.8% [52]. For Tetraselmis sp. KY 114885, the highest biomass yield and lipid content in mixotrophic condition were
achieved in the presence of 5 and 7.5 g/L glucose, respectively [10].

3.2 Carbon source concentration and lipid production

In addition to the nature of external carbon substrates, their concentrations also affect the growth and biochemistry
of microalgae in a species-dependent manner. According to the literatures there is wide range of organic substrates
(1 to 166 g/L) in which various microalgae species can grow in different trophic modes [53]. The optimum substrate
concentration and its effect on biomass is determined by some variables like the type of carbon source, certain species-
specific features and cultivation conditions. For example, the maximum biomass generation by heterotrophic cultures of
T suecica was obtained in the presence of 5 g/L glucose, while the optimum concentration for acetate was only 0.5 g/L
[30]. On the other hand, even with the same organic substrate, in two different species or strains, the maximum biomass
productivity might be achieved in different concentration of the organic. As an example, the best level of glucose for
mixotrophic growth of Tetraselmis sp. KY 114885 was 5 g/L [10], while for Tetraselmis sp. FTC 209, the maximum
biomass production was achieved in the presence of 30 g/L glucose [54].

For most microalgae species, the optimum required concentration of a certain carbonic substrate is definable. In
this line, Harwati et al. [55] found that among studied doses of acetate (7, 70, 140 and 280 mM), which were added
to fresh water, for cultivating Chlorococcum sp. the best dose to fulfill the highest lipid production was 70 mM. The
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optimum concentration of glucose for mixotrophic cultivation of marine Chlorella sp. and Nannochloropsis sp., was
reported as 20 and 15 g/L which increased their lipid production 5.5 and 7.24 times more than that of photoautotrophic
cultures, respectively [26].

Similar to carbon type, for carbon content also the optimum case to reach the maximum biomass generation could
be different with the optimal one for lipid production. As an example, in mixotrophic cultures of Tetradesmus bernadii
the maximum biomass production was achievable through complementing the media with 30 g/L glucose, while the best
concentration of glucose to obtain highest lipid productivity was 20 g/L [56].

Exceeding the concentration of external substrate from a certain level may cause inhibitory effect on cell growth
and thus biomass productivity [48]. With increasing glucose concentration from 0 to 10 g/L, enhanced biomass
production for Chlorella sp. and Nannochloropsis sp. was earned; but with raising the dose to 20 g/L no improvement
was observed [26]. The inhibitory effect of glucose on Chlorella saccharophila, and C. sorokiniana cultures was
determined at concentrations of above 25 and 5 g/L, respectively [57].

Mainly in addition to absolute concentration of carbon, the value of carbon to nitrogen ratio (C/N) is determinative
for potential of microalgae to lipid accumulation. Actually out of a few exceptions, in most microalgae a negative
relation between nitrogen concentration and lipid accumulation is recognized [58]. Therefore nitrogen limitation or
deprivation is the most prominent strategy to induce hyper-accumulation of lipids. The optimum C/N ratio to obtain the
highest lipid accumulation depends on species, culture condition and trophic mode. In photoautotrophy the significance
this factor on lipid productivity is lower as compared with the other trophic modes.

Table 2. Biomass and lipid productivity of several microalgal strains under different cultivation mode with organic carbon sources or wastewater
alternatives

Maximum . -
Cultivati biomass Maximum lipid
Algae uﬁgggon Substrate (g/L) productivity productivity Lipid content ~ reference

(mg/L-day™) (mg/L-day™)
Chlorella zofingiensis ATCC 30412  Heterotrophy 30 Glucose 692 352.92 51.1% [59]
Chlorella sorokiniana UTEX 1602  Heterotrophy 6 Glucose 463 55.56 12.63% [60]
Chlorella sorokiniana UTEX 1602~ Mixotrophy 6 Glucose 761 243.52 32% [60]
Tetraselmis sp. KY 114885 Mixotrophy 5 Glucose 102 127.08 19% [44]
Nannochloropsis sp. Mixotrophy 10 Glucose 383 74 19.3% [26]
Coelastrella sp. M-60 Mixotrophy 2 Glucose 70.6 12.5 17.7% [61]
Micractinium sp. M-13 Mixotrophy 1 Glucose 46.8 6.8 14.5% [61]
Chlorella vulgaris Mixotrophy 10 Glucose 254 54 21% [62]
Chlorella vulgaris Heterotrophy 10 Glucose 151 35 23% [62]
Scenedesmus obliquus Mixotrophy Glucose 640 270 58.3% [63]
Dunaliella tertiolecta Mixotrophy Carpet wastewater 38 4.6 15.2% [64]
Chlorella sp. Mixotrophy Digested swine 111 30.2 27.2% [65]
Chlorella protothecoides Mixotrophy ~ Municipal wastewater 382 74.4 19.6% [66]
Chlorella kessleri Mixotrophy =~ Municipal wastewater 400 91 24.2% [66]

3.3 Effects of carbon source on lipidprofiles

The kind of trophic mode and the type of carbon source considerably impact on lipid quality in addition to quantity.
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Because the various carbon types could differently regulate the gene expression of the enzymes, involved in fatty acids
biosynthesis pathways, and thus modify the fatty acid composition of lipids [59].

There are many reports displaying that carbon supplementation leads to decrease the cumulative percentage of
PUFASs but increases the contents of MUFA and SFA [10, 67-69]. The reason is carbon supplementation is followed by
upgrading respiration and thus declining free oxygen level. Since oxygen acts as a substrate for desaturase enzyme, its
reduction results in up-regulation of saturation process, then raising the percentage of MUFAs and SFAs [70].

Changing in fatty acid composition form PUFA to MUFA and SFA implies shifting from membrane lipids to the
reserve ones [71]. While the most of nutritionally important fatty acids belong to PUFA group, the desirable lipid profiles
for biodiesel production is a lipid composition in which MUFAs are prominent percentage. Accordingly, the higher
capability of heterotrophic and mixotrophic cultures for MUFAs production presents another reason for preference of
these trophic modes for biodiesel production, as compared with photoautotrophy [70]. In agreement, there are several
reports exhibiting enhanced level of oleic acid, as an (ideal fatty acid for biodiesel production) in mixotrophic cultures.
For example, when Tetraselmis sp. KY 114885 was grown in mixotrophic condition with glucose, oleic acid constituted
more than 50% of its total fatty acid composition [44]. Similarly, more oleic acid accumulation was detectable in
Chlamydomonas reinhardtii under mixotrophy [72].

4. Sewage instead of media culture: a step towards scaling up of microalgal lipid
production

As is obvious, utilizing synthetic cultivation media (supplemented with organics) for microalgae cultivation,
does not have economic justification for industrial lipid production. As an alternative choice, using wastewater and
sewage recently has attracted much attention for heterotrophic or mixotrophic cultivation of microalgae [53]. Because
wastewater including industrial, agricultural and municipal residues contains remarkable levels of organic carbons and
other macro and micronutrients such as nitrogen and phosphorous. In various types of wastewater, due to the variation
of chemical composition, microalgae biomass and lipid yield would be different. In agreement, Kamyab et al. [73]
displayed that between several types of wastewater, studied for cultivation of C. pyrenoidosa, the best lipid yield earned
by palm oil mill effluent (POME).

Agricultural residues are the most commonly used wastewater for microalgal biomass production. For instance,
heterotrophic cultivation of C. protothecoides was accomplished utilizing corn (Zea may) wastewater, which could
produce biomass and lipid with a rate of 653 and 361 mg/Lxd respectively [33]. Since some agricultural swages contain
a mixture of carbohydrates, their effects on improving microalgae growth may be even more pronounced than pure
sugars. As an evidence, it was observed that for heterotrophic cultures of Scenedesmus quadricauda, microalgae growth
and lipid production in starch wastewater was more than what was earned by pure glucose-included media culture [45].
According to another report, the effects of wheat wastewater on the growth of Scenedesmus obliquus and C. vulgaris
were similar to those observed by glucose addition under mixotrophy and heterotrophy [74]. Furthermore, depending
on the substrate concentration, soluble product of wheat had a promoting effect on lipid accumulation by mixotrophic
cultures of S. obliquus and C. vulgaris [74].

In principal, in order to have an improved microalgae cell growth, it is recommended to hydrolyze agricultural
residues prior to usage for cultivation, probably due to the lack of hydrolyzing enzymes in microalgae. For example,
lipid productivity of Chlorella vulgaris under photoheterotrophic and mixotrophic condition respectively reached to
42 and 116 (mg/L-day™), when hydrolysate extract of sugarcane (C. protothecoides) was applied for cultivation of
microalgae [75].

Municipal and industrial wastewaters can also be considered for cultivation of microalgae. Industrial wastes such
as molasses, vinegar, pharmaceutical by-products, and paper mill effluents are some candidates which contain the
assimilated low molecular substrates that microalgae can consume [76]. As an instance, glycerol which is the by-product
of tans-esterification reaction in biodiesel production process, can be reutilized as an organic source for microalgae
and lipid production. Supplementation of media culture with Glycerol under mixotrophic condition caused to 100%
enhancement in lipid productivity of Nannochloropsis sp. as compared to photoautotrophic cultures [77].

By cultivating microalgae in wastewater for biodiesel production, benefiting from biorefinery potential of
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microalgae (for removal of pollutants) would be a side advantage [78-79]. The coupling of biodiesel production and
advanced wastewater treatment with immobilized microalgae is a promising approach to commercialization of
biodiesel production [80]. Depending the nature of microalgae cultivation, the proper matrix for making immobilized
structures would be different. When lipid production is intended, sodium alginate is one of the most recommended
materials for making the gel beads [81]. It is proved that in wastewater, immobilized microalgae are more stable
than suspended free cells. Not only that, it is frequently reported that biomass and lipid productivity of immobilized
microalgae cultures were more than those of free cells [78, 82]. Another merit of utilizing immobilized form of
microalgae is the ease of harvesting process, leading to save time and energy, particularly in large scale [83]. Overally, it
could be claimed that using immobilization technique to cultivate microalge in wastewater can take microalgal biodiesel
production one step closer in achieving the economic feasibility.

Conclusion

Microalgae is considered as one of the most suitable feedstocks for lipid production. Totally, it could be concluded
that among various trophic modes, heterotrophy and mixotrophy are recognized to be the best strategies for biomass
generation and lipid (in particular biodiesel) production. Although applying these mentioned trophic modes, using
synthetic media culture, is not economically scalable. A recommended approach for commercialization of microalgal
lipid production in the industrial-scale is focusing on optimization of immobilized microalgae cultivation in wastewater;
which would fulfill a dual function, lipid production and phycoremediation.
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