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Abstract Due to their extensive application potential in biopharmaceuticals, nutraceuticals, and renewable
energy, microalgae have recently drawn considerable attention worldwide. Biofuels, bioactive medicinal
products, and food ingredients are made from microalgae, a renewable, sustainable, and economic resource.
A number of microalgae species have shown remarkable pharmacological and biological properties that
have made them useful as value-added products. The cost, renewable nature, and environmental concerns
of biofuels make them a perfect substitute for liquid fossil fuels. As well as carbohydrates, lipids, and
other bioactive metabolites, microalgae convert atmospheric CO2 into useful products. There are some
limitations and challenges to overcome before microalgae can be upgraded from pilot stage to industrial
scale, though they are feasible sources of bioenergy and biopharmaceuticals in general. Enhancing
microalgae growth rate and product synthesis is the most challenging and crucial issue, as is dewatering
algae cultures, pretreating biomass, and optimizing fermentation processes. Various bioactive compounds
as well as microalgae advantages for biofuel production are discussed in this review.

Keywords Microalgae . Algae cultures . Biofuel production . Growth rate . Pretreating biomass . Value-added
products

Introduction

Photosynthetic algae can grow in a variety of aquatic habitats, including lakes, ponds, rivers, oceans, and
even wastewater. Microalgae can grow in reservoirs, deserts, and other symbiotic conditions and tolerate
wide ranges of temperature, salinity, and pH values (Barsanti et al. 2008). It is generally believed that al-
gae can be classified into Rhodophyta, Phaeophyta, and Chlorophyta, according to their color. Biofuels,
health supplements, pharmaceuticals, and cosmetics can be made with microalgae, which contain carbon
compounds (Brennan and Owende 2010). Furthermore, they can be used for the treatment of wastewater
and the mitigation of atmospheric CO,. In addition to polysaccharides, lipids, pigments, proteins, vitamins,
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bioactive compounds, and antioxidants, microalgae produce a wide range of bioproducts (Brennan and
Owende 2010). In the biorefinery industry, microalgae have become a new focus due to its potential for
renewable and sustainable biofuel production. Genetic engineering and growth enhancement techniques
could improve their potential as renewable bioproduct sources in the future. Over the last few decades, in-
dustrial microalgae cultivation has increased dramatically for biofuels and bioproducts (Plaza et al. 2009).
Global energy consumption continues to increase due to the rapid growth of the world’s population.
Since fossil fuels are unsustainable and nonrenewable, their intensive use worldwide leads to their deple-
tion and exhaustion. There is currently a growing opportunity for biofuels around the world to replace fossil
fuels in a sustainable way. Some developed countries are currently producing biofuels at a commercial lev-
el. Several biomass resources can be used for the production of biofuels, including food crops, plant wastes,
woody parts of trees, garbage, and algae, among others. Biofuels have proven to be excellent alternatives
to petroleum fuels in a variety of ways. In addition to being renewable, biomass-based biofuels contribute
significantly less to global warming and environmental pollution.

CO, emissions from fossil fuel combustion are responsible for most global warming. With a total of
35.3 billion tons of CO, released to date, fossil fuels are responsible for 29 gigatons of CO, released each
year (Paul Abishek et al. 2014). Petroleum-based fuels emit high levels of sulfur while biofuels like algal
fuels have oxygen levels of 10 to 45%. A biofuel is an environmentally friendly, local, accessible, sustain-
able, and reliable fuel derived from renewable resources. Using microalgae algae-based fuels can reduce
global CO, emissions while being eco-friendly, nontoxic, and nonpolluting. The fixation of CO, by algal
biomass has been reported to be 1.83 kg per kg of biomass; additionally, SO, and NO, are used by some
species as nutrients (Gendy and El-Temtamy 2013). A crucial aspect of biofuels generation is selecting and
developing biomass in order to optimize energy structure and cost. Greenhouse gas emissions, environ-
mental sustainability and economic sustainability are directly related to the choice of biomass for biofuel
production (Cerri et al. 2017). A focus is currently being placed on microalgae as a raw material for bio-
fuel production in order to balance and compensate the ever increasing demand for biofuels, food, feed-
ing, and valuable chemicals (Ho et al. 2010; Paul Abishek et al. 2014). Bioenergy from microalgae bio-
mass is being industrialized in several Asian, European, and American countries.

Photosynthesis by microalgae converts 9—10% of solar energy (average sunlight irradiance) into
biomass each day, which is about 280 tons per hectare per year (Melis 2009; Formighieri et al. 2012).
The yield of this culture system is lower in both outdoor and indoor systems at a larger scale of cultivation.
The actual yield of photobioreactors is lower due to the loss absorbed active radiation. It is therefore nec-
essary to shake and mix the culture properly to ensure uniform light distribution (Medipally et al. 2015).

There are many microalgae species suitable for biodiesel production because they contain high lipid
contents of 50-70% and may even reach 80% as with the microalga B. braunii, which accumulates 80 per-
cent oil (Mata et al. 2010). Biodiesel can be produced from microalgae by producing 58,700 L/hac of algal
oil (Gouveia and Oliveira 2009; Gendy and El-Temtamy 2013; Medipally et al. 2015). Currently, algal fuels
are in their infancy, and much improvement is needed before investors and consumers find them appealing.

Algae culturing

Microalgae are adapted to scavenge for resources in the environment, store them, and increase their ef-
ficiency in utilizing those resources. Microalgae typically require sufficient carbon sources and light to
carry out photosynthesis in order to grow biomass (which consists of 40-50% carbon) (Moheimani 2005;
Mata et al. 2010). Adaptations such as biochemical adaptations and physiological adaptations can occur
within their internal structure, as well as the release of a wide range of compounds aimed at, for example,
making nutrients available and limiting competitors’ growth (Richmond 2004). As a response to changes in
environmental conditions, microalgae can shift from autotrophic to heterotrophic, mixotrophic to photohet-
erotrophic metabolisms. Some organisms, for instance, can grow (Chojnacka and Marquez-Rocha 2004):

- Using light as a sole source of energy and converting it to chemical energy is called photoautotroph-
ism.

- Organic compounds are used exclusively as carbon and energy sources heterotrophically.

- In a mixotrophic ecosystem, photosynthesis is the primary source of energy, although organic com-
pounds and CO, are equally important.
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- Depending upon the concentration of organic compounds and the intensity of light available, amphi-
trophy is a subtype of mixotrophy that enables organisms to live either autotrophically or heterotrophically.

- Light is required for organic compounds to be metabolized photoheterotrophycally, also called pho-
toorganitrophy, photoassimilation, and photometabolism.

Photoheterotrophs and mixotrophs can be distinguished based on the source of energy they use to per-
form growth and produce specific molecules. Microalgae growth stoichiometry can also be used to dis-
tinguish the metabolism involved. There are several strains that grow under photoautotrophic, heterotro-
phic, and mixotrophic conditions, including Chlorella vulgaris, Haematococcus pluvialis, and Arthrospira
(Spirulina) platensis. Photoautotrophic, heterotrophic, or photoheterotrophic growth is possible in strains
such as Selenastrum capricornutum and Scenedesmus acutus (Chojnacka and Marquez-Rocha 2004). Be-
sides organic carbon (they need sugars, proteins, and fats as carbon sources), vitamins, salts, and other
nutrients (nitrogen and phosphorus), algae also require an equilibrium between operational parameters (pH,
temperature, oxygen, carbon dioxide and light intensity) (Williams 2002).

With the right climate and the right nutrients, microalgae can grow profusely. When they are in the
exponential growth phase, they usually double their biomass within 24 hours or within 3.5 hours (Chisti
2007).

Fig. 1 shows a growth curve for algae based on batch culture (solid line) and nutrients concentration
(dashed line), with five phases clearly defined: (1) lag phase, (2) exponential phase, representing the maxi-
mum growth rate under the specified conditions, (3) linear phase, (4) stationary phase, and (5) decline phase.
As the stationary phase progresses, the dashed curve (in Fig. 1) moves in the opposite direction, showing
nutrients being depleted. Cultures of exponentially growing algae usually contain more proteins, whereas
those of stationary growth usually contain more carbohydrates and glycogen (De Pauw et al. 1984).

Increasing the volume of algae or creating a semi-sterile environment can lead to a premature collapse,
or other species more suited to outdoor conditions can take over. Consequently, high-density cultures should
be defined better in the exponential growth phase, when they are developed under unbalanced growth con-
ditions. In addition to abiotic factors like light (quality and quantity), temperature, nutrient concentration,
oxygen, carbon dioxide, pH, salinity, and toxic chemicals, algal growth is also influenced by biotic factors
like pathogens (bacteria, fungi, viruses) and competition from other algae. The operation factor is the shear
generated by mixing, the dilution rate, the depth, the harvest frequency, and the addition of bicarbonate.

Light

Growing microalgae is limited by light intensity. Biochemistry and biomass yield of microalgae are directly
affected by light intensity and duration. Modeling a bioreactor or open pond system should take into account
that light intensities vary inside the culture and reduce as culture depth increases. To grow and accumulate
biomass to the fullest extent, algae species have different light requirements (De Meester et al. 2016).
Microalgae cannot grow efficiently at very low and very high light intensities (Mata et al. 2010; Ye et
al. 2012; Altonen et al. 2020). When photosynthetic CO2 is uptaken and released in equal quantities, there

Growth rate
Nutrient concentration

Time
Fig. 1 Schematic representation of algae growth rate in batch culture (solid line) and nutrients concentration (dashed line)
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is no net growth. When photorespiration and photoinhibition are balanced, the photosynthetic rate will in-
crease with increasing light intensity. For maximum CO2 assimilation, it is necessary to determine optimal
light intensity experimentally with a minimal rate of photorespiration and minimal photoinhibition (Ye et
al. 2012).

The algal photosynthesis process requires specific light and dark periods. To produce carbon skeletons,
ATP and NADPH are synthesized by light (Cheirsilp and Torpee 2012). The growth of microalgae is direct-
ly related to light intensity and duration up to the saturation point. Under different light intensities and for
varying periods of time, Khoeyi et al. (2012) showed different growth rates and biomass yields for the same
algae strain. Biomass productivity and growth rate decreased as light duration decreased (Jacob-Lopes et
al. 2009). Algae grow most effectively when exposed to 16 hours of light and 8 hours of darkness. To avoid
photooxidation and growth inhibition, microalgae require adequate light intensity and duration (Carvalho
et al. 2011). Algae in the lower layers should have sufficient penetration and uniform distribution of light
to avoid photoinhibition. In addition to LED lights, fluorescent tubes are also suitable for this purpose (Wu
2016). According to Mata et al. (2010), aerated cultures of microalgae under 12,000 Ix intensity during
daylight hours yielded a higher biomass yield. Reducing light intensity, however, reduces biomass. Using
5000 Ix red LED light, Khan et al. (2016) reported maximum biomass and carbohydrate productivity for
Microcystis aeruginosa. Most recently, Daliry et al. (Daliry et al. 2017) reported that Chlorella Vulgaris
grows fastest and produces most lipids when exposed to light intensities of 5000—7000 lux. Most microal-
gae species prefer light intensities of 200400 pM photons/m2/s. In order to prevent photoinhibition, high
light intensity or continuous culture mixing is necessary, which can be achieved by increasing the photons/
m2/s level (Altonen et al. 2020).

As a result, light directly affects algal biomass yields as well as carbohydrate synthesis and accumula-
tion. The experimental study by Kitaya et al. (Kitaya et al. 2005) proved that some microalgal species can
be effectively grown at a light intensity of 100 mol/m2/s.

Temperature

In both closed and open outdoor systems, the temperature is the most important limiting factor. The tem-
perature of some microalgae can be decreased up to 15 °C below their optimal, but a temperature increase
of only 2—4 °C may cause the cultures to die When the carboxylase activity is reduced at low temperatures,
an excessive amount of energy is produced if the light conditions remain the same. Some cells can handle
these conditions as a result of the imbalance that creates light saturation. The chlorophyll content of cul-
tures obtained at 5 °C was lower than those at 27 °C, for example (Maxwell et al. 1994). As a result of the
excessive light, cells adapted their photosynthetic apparatus to grow at 5 °C. The same acclimation has been
found with Dunaliella Salina (Krol et al. 1997). Similarly, Skeletonema costatum increased its chlorophyll
content when growth temperature was lowered. The overproduced energy was consumed by a carboxylase
activity that gained activity. A closed culture system may also overheat on some hot days, when the tem-
perature inside the reactor may reach 558 degrees Celsius.

While microalgae are able to grow under high temperatures only in certain species, other species are
not. In addition to being thermophilic, Chlorella sorokiniana grows optimally at temperatures reaching
40 °C. In spite of this, growth beyond an optimal temperature is rarely reported for mesophilic or thermo-
philic species. The deleterious effects of a higher temperature are greater than those of a low temperature.
Moreover, when optimal temperatures are exceeded, photosynthesis, respiration, and growth decline pri-
marily due to the imbalance between energy demand and ATP production, but also due to the inactivation
or denaturing of photosynthesis-related proteins (Raven and Geider 1988). Both Microcystis aeruginosa
and Scenedesmus acutus showed lower respiration rates and higher photosynthesis rates during elevated
temperature acclimation, Stachr and Birkeland (2006) found.

It is generally recognized that every microalga species has an optimal growth temperature (Table 1).
At optimal growth temperatures, cells can undergo photosynthesis without undergoing any biochemical or
physiological changes. For mesophilic species, the maximum growth rate is reported between 20 and 25
°C. However, thermophilic strains (Chaetoceros, Anacystis nidulans) can reach 40 °C, and psychrophilic
strains can reach 17 °C (Asterionella formosa).
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Nutrients

Various microalgae species have different nutritional requirements, but all species have the same basic
needs. Algal growth depends on the macronutrients nitrogen, phosphorus, and carbon (CH, ;O ,N, ;P .0.)
(Juneja et al. 2013) lipids. It is also necessary for some marine microalgae species to receive silicon as a
macronutrient. Different species of microalgae can contain different amounts of macronutrients such as
nitrogen and phosphorus. As nitrogen and phosphorus concentrations decreased from 31.5 to 10.5 mg/I,
chlorella growth declined (Aslan and Kapdan 2006). Nitrogen levels directly affect the growth of cells in
culture. While microalgae culture may produce more carbohydrates and lipids under nitrogen limitation,
they can also produce less growth and biomass. It has been proven that Chlorella vulgaris produces 3.43
grams of biomass at 0.5 grams of nitrogen per liter (Daliry et al. 2017).

There is no evidence that Mo, K, Co, Fe, Mg, Mn, B, and Zn are necessary in trace quantities for mi-
croalgae to grow, yet they are crucial for many of the enzymatic processes in alga cells (Gardner-Dale et
al. 2017) but their successful implementation requires an understanding of how design decisions influence
nutrient uptake over daily (i.e., diel. Nitrates and phosphates are the most common forms in which inor-
ganic nitrogen and phosphorus are absorbed. As an alternative to inorganic nitrogen sources, urea is also a
useful and cost-effective source.

Algae cultures can be supplied with carbon in organic forms, such as glycerol or acetate, or as CO,.
In order to cultivate microalgae on a large scale, however, environmental CO, must be used as a carbon
source, in addition to its low cost and ability to minimize CO, emissions. Inorganic nutrients P, N, and C
are essential for the growth of microalgae. Low biomass is caused by nutrient deficiency in microalgae
(Khozin-Goldberg and Cohen 2006; Hu et al. 2008; Prathima Devi and Venkata Mohan 2012)17.5 and OuM
(K2HPO4). Microalgae accumulate carbohydrates and lipids according to their nutrient supply (Prathi-
ma Devi and Venkata Mohan 2012) growth. To produce microalgae biomass commercially, the culture
must grow rapidly; therefore, providing the right nutrients is essential. It is possible to enhance microal-
gae growth by using some strongly limiting substances.

Mixing

In addition to homogenization of the cell distribution, mixing also facilitates the transfer of gases, heat,
and metabolites among the cells. In addition, turbulence is necessary in large-scale reactors to accelerate
microalgae cell circulation from the dark to the light zones. Microalgae can be damaged by shear stress due
to high liquid velocities and degrees of turbulence (as a result of mechanical mixing or air bubble mixing)
(Eriksen 2008).

Salinity

A microalgae’s growth and cell composition can be influenced by salinity, both in an open and closed

Table 1 The optimal growth rates for 15 species

Species Tmin Topt Tmax References

A. formosa -7.3 20.1 29.8 Butterwick et al. (2005)
Ceratium furca 8.4 24.4 32.1 Bacek et al. (2008)
Ceratium furcoides 6.9 223 30 Butterwick et al. (2005)
Ceratium fusus 4.2 26.5 30.7 Baek et al. (2008)
Chlorella pyrenoidosa 52 38.7 45.8 Sorokin and Krauss (1962)
Cryptomonas marssonii -2.4 159 30.3 Butterwick et al. (2005)
Dinobryon divergens -5.8 17 28.4 Butterwick et al. (2005)

D. tertiolecta 5.0 32.6 38.9 Eppley and Sloan (1966)
Nannochloropsis oceanica -0.2 26.7 333 Sandnes et al. (2005)

P. tricornutum -27.7 22.5 25.2 Kudo et al. (2000)
Porphyridium cruentum 5.8 19.1 30 Dermoun and Chaumont (1992)
Scenedesmus sp. -3.1 26.3 32.7 Xin et al. (2011)

S. costatum 8 24.5 33 Butterwick et al. (2005)
Tychonema bourrelyi 0.4 21.8 30 Butterwick et al. (2005)
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system. Due to high evaporation during hot weather conditions, every alga has its own optimum salinity
range. There are three main ways in which salinity changes affect phytoplankton (Moheimani 2005): The
changes in cellular ionic ratios are induced by three factors: (1) osmotic stress; (2) ion (salt) stress; and (3)
the selective ion permeability of the membranes. Adding fresh water or salt as needed is the easiest way to
control salinity.

Producing microalgae is significantly affected by the cost of using fresh water. Microalgae grow best in
areas where freshwater is scarce or nonexistent. Therefore, saline water is an inevitable option for growing
microalgae in large scales. This can be in the form of seawater or underground saline water (Borowitzka et
al. 2013). Nevertheless, using any type of saline water poses another challenge. The growth of microalgae
is accelerated by increased irradiance in areas with high levels of sunlight. Increasing light intensity pre-
vents evaporation, which increases salinity levels, especially in open ponds (Ishika et al. 2017). High-sa-
linity water can be suitable for three types of microalgae: marine, halotolerant, and halophilic. There are
different types of microalgae that react differently to high salinity, and salinity is an important parameter
for their growth (Yeesang et al. 2011). According to Laing and Utting (1980), Tetraselmis suecica ranges
from 2.5-3% and Isochrysis galbana from 1.5-2.5%. As a result of salinity, microalgae can undergo three
types of stress: osmotic stress, ion stress due to uptake or loss of ions, and ionic ratio changes (Kirst 1990).
Inhibition of photosynthesis can be caused by changes in osmotic pressure or swelling, which may result
in the cells burst (Fogg 2001). As salinity levels increase in a culture, stress is more likely to be induced on
the cells. Stressed cells grow slower and accumulate lipids during the growth phase, when cell numbers are
increasing. It is crucial to understand how changes in salinity, either gradual (from evaporation) or sudden
(from recycling medium), affect growth when saline water is used for microalgae cultivation (Wang et al.
2009).

Pretreatment of algal biomass

In addition to algae and mould, fungi, yeast, and bacteria are some of the most common biological contam-
inants observed in wastewater. Microalgae cultures cultivated in raceway ponds collapsed due to protozoa
and contamination by other algae.

The Moheimani (2005) method suggests that after removing unwanted organisms, the culture needs to
be subjected to a temporary change in light, temperature, pH, or other environmental factors in order to
decrease contaminants. In closed cultivation reactors, the closed environment, greater control over culture
parameters, and higher cell concentrations make it possible to cultivate some important microalgae without
contamination.

Stress conditions

Authors have examined various factors that affect algal growth:

- A reduction in the medium pH caused by CO2 inhibited the growth of algae according to Moheimani
(2005). As determined by this study, a plate photobioreactor should maintain a pH range between 7.7 and
8.0, and an outdoor raceway pond should maintain a pH range between 9.1 and 9.6 for Pleurochrysis car-
terae. A depth of 16 to 21 centimeters was also determined as the optimal operating depth for the outdoor
raceway pond by this author.

- Using shallow suspensions of CO2 at near neutral pH is difficult to control since the bubbles do not
have enough time to absorb CO2, resulting in great atmospheric losses of CO2. There is a considerable
loss of CO2 to the atmosphere when CO2, which is supplied in shallow suspensions at near neutral pH, is
supplied due to a lack of residence time of the bubbles (Richmond 2004).

- There are two major uncatalyzed reactions that may accelerate CO2 absorption into alkaline waters,
according to Weissman and Goebel (1987): hydration of CO2 and subsequent acid-base reactions to form
bicarbonate ions, or direct reaction of CO2 with hydroxyl ions to form bicarbonate. According to this au-
thor, the first reaction occurs faster at pH values below 8, while the second occurs at pH levels above 10.
Both can be important between 8 and 10.

- Chiu et al. (2009) found that Nannochloropsis oculata cultures produced more biomass and lipids with
increased CO2 concentration.
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- De Morais and Costa (2007) also found similar results from Scenedesmus obliquus and Chlorella kes-
sleri cultures isolated from a treatment pond in a coal-fired thermoelectric power plant in Brazil, suggesting
that these microalgae are capable of fixing carbon dioxide in thermoelectric power plants.

- Aeration and light intensity are also important factors. According to Mata et al. (2010) a bioreactor
with airlift grew better than a bioreactor without airlift.

The reason for this is that aeration improves the mixing of the microalgal culture, preventing sedimen-
tation, maintaining homogeneous conditions, and improving vitamin and nutrient contact. Increasing light
intensity increases cell density and specific growth rate, but growth is inhibited above a certain limit as light
intensity increases.

- Using the mineral medium carbon dioxide (and bicarbonate) as a carbon source and nitrate as nitrogen
source, Thomas (1984) investigated photosynthetic algae species that grow autotrophically. In this study,
the proximate chemical compositions of algae are examined in relation to nitrogen as well as salt stress.
Environmental stress results in an alteration of the basic cellular composition of the tested species. In Bo-
tryococcus, the highest concentration of lipids, with the greatest proportion being hydrocarbons, was found
under non-stressed conditions. Lipid levels for the green algae averaged 23% per organic weight, while
Nitzschia sp. averaged 12% and Isochrysis has a 7% rate.

- The marine strain C. vulgaris was also found to accumulate considerable amounts of lipid when ex-
posed to high iron concentrations, as demonstrated by Liu et al. (2008). The presence of high concentrations
of iron in the initial medium may modify some metabolic pathways related to lipid accumulation in C.
vulgaris.

- In their study, Illman et al. (2000) found that nitrogen reduction led to increased lipid content in all five
Chlorella strains studied, including C. emersonii, C. minutissima. C. vulgaris that were gained an increase
in lipid contend of 63%, 56% and 40% biomass by dry weight respectively.

- A study by Thomas et al. (1984) examined the effect of nitrogen stress on the neutral lipid content of
algae, concluding that cultivation conditions deficient in nitrogen increased neutral lipid content, but this
cannot be summarised as a single trend. In nitrogen-stressed cultures of Botryococcus, Isochrysis, and
Dunaliella, this behavior is observed. In Botryococcus, neutral lipids account for the majority of the total
lipids. Neutral lipids are produced most during the resting stage of algae, and the greatest amount occurs
when the algae move from a green to a brown growth phase. While the Dunaliella bardawil and Dunaliella
salina lipid fractions increased by 10%, the Botryococcus lipid fraction decreased by 10%. As a result of
nitrogen stress, these halotolerant green algae started storing carbohydrates. In contrast, Isochrysis accu-
mulated more carbohydrates and lipids in nitrogen deficient conditions, and lipids accounted for about one-
fourth of the organic mass of Isochrysis. Nitrate deficiency generally decreased protein levels, chlorophyll
levels, carbohydrate levels, and lipid levels, depending on the species. Algae under environmental stress
manifest neutral lipid content by shifting to lipid storage. The neutral lipids are primarily multibranched and
polyunsaturated hydrocarbons rather than straight chain saturated hydrocarbons.

- As Macedo and (2001) found, the concentration of lipids in Spirulina increases approximately 3 times
as nitrogen concentration decreases and temperature decreases, with nitrogen concentration decrease hav-
ing the greatest effect on lipid content.

Harvesting and biomass concentration

During the algal harvesting process, biomass is recovered from the culture medium, which can account
for 20-30% of the cost of biomass production (Grima et al. 2003). To perform solid-liquid separation, a
suitable harvesting method may require one or more steps and be achieved physically, chemically, or bio-
logically, in order to remove large quantities of water and process large algal biomass volumes. While there
is no universal harvesting method, research continues to be carried out in this area, as any algal species can
be harvested in an appropriate and economical manner.

Sifting, centrifugation, filtration, and ultrafiltration, along with flocculation or flotation combined, are
the most common harvesting procedures. As a result of flocculation, the microalgal cells are aggregated
into larger balls that are easier to sedimentate, centrifuge, and filter (Grima et al. 2003). Microstraining,
belt filtering, flotation with floating collection, and sedimentation were cited as four primary harvesting
methods by Weissman and Goebel (1987). Separation of biomass is performed using size and density
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discrimination. The mechanical simplicity and large unit size of microstrainers make them a popular
harvesting method. Microalgae harvesting has recently been revived by the availability of very fine mesh
polyester screens. The cells must be flocculated prior to microstrain, according to subsequent studies.

It is possible to recover large quantities of biomass using filter presses that operate under pressure or
vacuum, but filtration may be relatively slow and unsatisfactory for certain applications. Additionally,
in a different study it has been demonstrated that filtration is more effective at removing bacteria that
have large dimensions, such as Coelastrum proboscideum and S. platensis, but it is not as effective at
recovering bacteria with a smaller diameter, such as Scenedesmus, Dunaliella, or Chlorella (Grima et al.
2003). For small-scale production processes, microfiltration and ultrafiltration are more suitable alternative
filtration methods than conventional filtration to recover algal biomass. In addition, membrane replacement
and pumping are more expensive with these filtration processes.

Processing and components extraction

It is extremely difficult to produce low cost commodities (fuels, feeds, and foods) without processing, and
it is extremely difficult to produce higher value products (B-carotene and polysaccharides). Considering that
processing is highly specific and heavily depends on the desired result, it can be difficult to discuss. There
is a common practice of dehydrating biomass, which also extends its shelf-life. Spray-drying, drum-dry-
ing, freeze-drying, and sun-drying are some of the most common methods of drying microalgae, such as
Chlorella, Scenedesmus, and Spirulina (Richmond 2004). In low-value products such as biofuel or protein,
spray-drying is not economically feasible because algal biomass is high in water content. In order to release
the metabolites of interest, the microalgae cells must be disrupted after drying. Microalgae walls and prod-
ucts can be processed using a variety of methods, depending on the type of product to be obtained, such as
cell homogenizers, autoclaves, ultrasounds, and spray drying, or non-mechanical means (organic solvents,
base, acid, such as freezing, osmotic shock, and enzyme reactions).

As an example, studying various methods of astaxanthin recovery, autoclaved and mechanically dis-
rupted biomass yielded 3 times more astaxanthin than other methods (Richmond 2004). Algal cells are
broken down and turned into fine powder by lyophilizing.

Microalgal biomass must be extracted for the production of biodiesel. Lipids are usually extracted via
solvent from lyophilized biomass, being an efficient and fast extraction method that decreases degradation
by a small amount. In addition to hexane and ethanol (96%), hexane-ethanol mixtures (96%) can also be
used to obtain purified fatty acids to a purity of 98% (Richmond 2004). The use of ethanol is not recom-
mended if the purpose of the extraction is in order to extract only lipids, as it can also extract sugars, salts,
hydrophobic proteins, amino acids, and pigments. Various methods of oil extraction from vegetable sources
were also studied, including ultrasound and microwave-assisted extraction. According to Cravotto et al.
(2008) these methods provide similar yields and oil extraction times to conventional extraction methods. A
multimode microwave oven that can operate both with open and closed vessels has been developed by these
authors’ research team in order to achieve this goal. The extraction was combined with simultaneous double
sonication at 19 and 25 kHz as well as simultaneous ultrasound/multimode microwave irradiation. Accord-
ing to these results, these novel methods can significantly enhance oil extraction with higher efficiency
compared to conventional methods. A 50%—-500% increase in yield was achieved at a low or moderate cost,
and minimal toxicity was introduced.

As ultrasound disrupted the tough algal cell wall, extraction yield improved considerably from 4.8% (in
soxhlet) to 25.9% for marine microalgae Crypthecodinium cohnii (Cravotto et al. 2008).

Microalgae as potential sources of bioactive compounds and value added products

A blockage to commercialization remains the expensive cost of biomass production and downstream process-
ing of microalgal biomass (Misra et al. 2014). As a result of their bioactive compounds, microalgae are also
potentially useful in pharmaceutical, cosmetic, and nutritional applications. Polyunsaturated fatty acids (PU-
FAs), Phycobiliproteins, enzymes, pigments, sterols, and toxins are some of the bioactive compounds found
in microalgae. A brief overview of microalgae-derived bioactive compounds is presented in this section. Mi-
croalgae produce many important compounds, and some of them have highly valuable bioactive properties.
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Carotenoids

An important part of our daily diet are carotenoids, a group of terpenoid pigments with C40 backbones. Var-
ious species of aquatic life, microorganisms, and terrestrial plants produce over 1100 carotenoids that have
been discovered to date (Lui et al. 2021). A variety of plants receive their yellow, orange, and red colors
from these colorful molecules. During oxygenic photosynthesis, carotenoids serve as accessory pigments in
the photosynthesis apparatus to harvest light or as structural molecules to stabilize protein folding (Herrero
et al. 2013). Carotenoids are ingested, which produce vitamin A and help repair retinal damage caused by
free radicals (Del Campo et al. 2007).Their anti-cancer, anti-inflammatory, and anti-obesity properties can
also reduce the risk of some diseases. Because of this, carotenoids are widely used in food, feed, cosmetics,
and pharmaceuticals (Del Campo et al. 2007).

In microalgae, carotenoids are classified as primary and secondary. Primary carotenoids are those that
are accumulated during photosynthesis (Nisar et al. 2015). Astaxanthin, zeaxanthin, fucoxanthin, and fuco-
cyanin are mainly discussed in this review.

A microalgal cell’s biochemical components are affected by external environmental changes due to its
flexible metabolic system. A high light intensity, salinity, nitrogen starvation, and high or low temperatures
are all stress factors. For seawater culture of microalgae, salt stress treatment is far more attractive than
several environmental abiotic stress factors because it is affordable, easy to operate, and offers great com-
mercialization potential.

Proteins and enzymes

As well as having strong therapeutic effects on health, some proteins, peptides, and amino acids are
necessary for the normal functioning of cells and tissues. Food is usually the only source of these nu-
trients when the human body cannot synthesize them. Many species of microalgae produce high lev-
els of essential amino acids and proteins, which are useful for feeding people and preventing a variety
of illnesses. As much protein as can be produced by microalgae can be produced by other sources of
proteins, such as eggs, meat, and milk (Sousa et al. 2008). There is significant nutritional value to mi-
croalgae proteins. Microalgae produce 2.5-7.5 tons/Ha/year of proteins (Bleakley and Hayes 2017).
Various types of proteins can be obtained from Chlorella, a green microalgae. Arthrospira is another mi-
croalgae rich in protein. As a result of the activation of cholecystokinin by microalgae and plants, cho-
lesterol levels can be reduced. In addition, they are involved in enzymatic reactions (Smee et al. 2008).
Cyanovirin, a protein produced by Nostoc, has been reported to have antiviral properties against HIV
and influenza viruses (Zappe et al. 2008). As an example, Isochrysis galbana produces a vital enzyme
carbonic anhydrase that converts CO, into carbonic acid and bicarbonate, while Anabaena and Porphyrid-
ium produce SOD (superoxide dismutase), which protects against oxidative damage.

Vitamins

There are many vitamins in microalgae, including A, B1, B2, B6, B12, C, E, pantothenic acid, biotin, folic
acid etc. Among the nutrients found in Isochrysis galbana are vitamins A and E, nicotinic acid, folic acid,
pantothenic acid, riboflavin, biotin, thiamine, cobalamin, pyridoxine, chlorophyll (a and C), diadinoxanthin
and fucoxanthin and Euglena gracilis antioxidant can produce vitamins such as B-carotene and vitamins E
and C (Mulders 2013).

Plants do not synthesize vitamin B12, which is a water-soluble vitamin. Vegans and vegetarians often
suffer from vitamin B12 deficiency. Microalgae, such as Chlorella sp., and Pleurochrysis carterae can syn-
thesize or contain vitamin B12 (Kumudha et al. 2015).

There are many microalgae capable of producing vitamin E, including Tetraselmis suecica, Nannochlo-
ropsis oculata, Dunaliella tertiolecta, Porphyridium cruentum and Chaetoceros calcitrans. Microalgae
contain a higher amount of vitamin E than plants, according to a number of studies. The production of
vitamin E from microalgae is valuable in this regard (Santiago et al. 2018).

Besides containing different vitamins, microalgae are rich in antioxidants. Haslea ostrearia is rich in to-
copherols (vitamin E). Vitamins E and C are abundant in P. Cruentum and Skeletonema marinoi, as well
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as pancreatic beta-carotene (vitamin A) (Mus et al. 2013). Among the vitamins and nitrates that D. Sali-
na produces are A, B, C, D, thiamine, biotin, pyridoxine, and nicotinic acid. Phaeodactylum tricornutum
and Haematococcus pluvialis were selected for their high levels of (carotene, fucoxanthin, astaxanthin,
eicosapentaenoic, and arachidonic acid). Approximately 80% of the nutrients (vitamins E, B, C and pig-
ments) were produced (Hosseini Tafreshi and Shariati 2009).

Lipids

The proportion of microalgal lipid ranges from 20% to 70%, and the composition of the fatty acids in algal
cells is determined by genetic and physiological factors, as well as environmental factors (Ravindran et al.
2016).

There are two types of algal lipids; the polar lipids and the non-polar lipids. Polyunsaturated fatty acids
(PUFAs) make up most of the polar lipids (also known as structural lipids). Humans and aquatic animals
require these PUFAs for nutrition. Cell membranes are composed of sterols and polar lipids, which provide
the matrix for metabolic processes. Cell signaling pathways also use it as an intermediate. Compared to
polar lipids, nonpolar lipids are commonly known as storage or neutral lipids. Transesterifying these stor-
age lipids can convert these saturated fatty acids into energy (biodiesel), especially triacylglycerols (TAGs)
(Sharma et al. 2011). Biodiesel production and other algal biofuels require the analysis of lipid profiles in
biomass feedstocks. Therefore, microalgae are more likely to accumulate lipids when they are under phos-
phate or nitrogen limitation. Various factors influence the composition of fatty acids in a species. These
factors include the composition of the growth medium, the rate of aeration, the temperature, the ratio of
light to dark, and the intensity of artificial illumination (Bellou and Aggelis 2013).

Polyunsaturated fatty acids

In addition to contributing to tissue integrity, polyunsaturated fatty acids are beneficial for the health of
the body. The human body cannot produce omega-3 and omega-6 fatty acids, which are crucial to human
health. The intake of DHA, linoleic acid, eicosapentaenoic acid, arachidonic acid, and gamma-linolenic
acid is therefore essential from external sources such as foods or cosmetics. Research has shown that these
acids reduce cholesterol levels, delay aging, protect membrane integrity, and prevent cardiovascular disease
(Hu et al. 2002; Bannenberg et al. 2017). Researchers have explored several microalgae species for their
ability to synthesize these valuable fatty acids, including Porphyridium cruentum, Arthrospira platensis,
Odontella, and I. galbana. While Pavlova lutheri produces large amounts of polyunsaturated fatty acids, 4.
platensis produces stigmasterol, sitosterol, and eicosapentaenoic acid (Ghosh et al. 2015).

Omega-3 polyunsaturated acids such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
are essential for the treatment of many diseases including arthritis, heart disease, and headaches. Fish oils
are limited in quantity and are unable to supply the required amount of EPA and DHA in a sustainable and
promising manner. Microalgae are the only alternative because they are a sustainable and promising source
of these two essential fatty acids (De Jesus Raposo et al. 2013; Armenta and Valentine 2013). The metabolic
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Fig. 2 Transesterification of triglycerides (overall reaction)
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pathways of EPA and BHA have been altered through genetic manipulation in recent years to enhance their
production (Adarme-Vega et al. 2014). There has recently been interest in the production of EPA and DHA
from Phaeodactylum tricornutum (Draaisma et al. 2013; Hamilton et al. 2014; Koller et al. 2014). EPA
and DHA, polyunsaturated fatty acids found in omega 3 compounds, have been genetically modified in the
diatom P, tricorornitum. P. tricornutum strains genetically engineered to produced DHA and EPA have been
reported to yield 36.5% and 23.6% of DHA and EPA per total fatty acids of biomass, indicating their com-
mercial viability (Chauton et al. 2015). The low yield of these products, such as EPA and DHA, is a result
of several hurdles and challenges that need to be overcome before they can be produced on a commercial
scale (Hamilton et al. 2016). In order to increase production scale, several aspects must be optimized,
including strain selection, culture development, and product induction and extraction methods. Carbon
sources and light strength greatly affect algae growth and Omega-3 polyunsaturated fatty acid production
(Yongmanitchai and Ward 1991; Wen and Chen 2003; Gardner et al. 2012).

Microalgae for biodiesel production

Vegetable oils or animal fats are transesterified to produce biodiesel, which consists of alkyl fatty acid es-
ters. Approximately 90-98% of these lipid feedstocks are triglycerides. Small amounts of monoglycerides
are also present, as well as free fatty acids (1-5%) and residual phospholipids, phosphatides, carotenes,
and tocopherols (Bozbas 2008). The process of transesterification involves three separate reversible steps,
starting with the conversion of triglycerides into diglycerides, then the conversion of diglycerides to mono-
glycerides, which is then converted into esters (biodiesel) and glycerol (by-product). According to Fig. 2,
long chain hydrocarbons, such as fatty acids, are the radicals R1, R2, and R3. Transesterification occurs in
the presence of a catalyst (usually NaOH) and oil or fat and an alcohol (usually methanol). In general, the
molar ratio of 6:1 is used for accurate reaction completion, despite the alcohol:oil theoretical molar ratio
of 3:1. As a result, one pound of oil produces about one pound of biodiesel, which is about 1:1 between
feedstock mass input and biodiesel mass output. Transesterification reactions can be sped up with the use
of homogeneous or heterogeneous, acidic or basic catalysts, though some processes (methanol and ethanol)
may not require such catalysts (Warabi et al. 2004). Homogeneous alkali catalysts (such as NaOH or KOH)
are commonly used in batch reactors in industrial processes. There have been recent improvements to this
process, including the possibility of operating it continuously with a shorter reaction time, such as micro-
wave assisted reactors (Cravotto et al. 2008; Azcan and Danisman 2008), cavitation reactors (Gogate 2008;
Gogate and Kabadi 2009), and ultrasonic reactors (Kalva et al. 2009; Deshmane et al. 2009).

Microalgae lipid content and productivities

An increase in oil yield can be achieved by induced accumulation of lipids in many microalgae species
(Sheehan et al. 1998). Most species contain between 1 and 70% lipids, but some have a higher percent-
age of lipids under certain conditions (Spolaore et al. 2006; Chisti 2007; Li et al. 2008). Several differences
between marine and freshwater microalgae species can be seen in Table 1, which shows lipid content,
biomass productivity, and lipid productivity (Zhu and Lee 1997; Mata et al. 2010). Table 2 shows that
microalgae can have oil content up to 75% by weight of dry biomass, but low productivity (e.g. for Botryo-
coccus braunii). Several different species (Neochloris, Dunaliella, Chlorella, Isochrysis, Schizochytrium,
Tetraselmis Phaeodactylum, Porphyridium, Crypthecodinium, Nannochloris, Nannochloropsis, Cylindro-
theca, Nitzschia) are possible to achieve higher productivity levels with oil levels between 20 and 50%.

In terms of biodiesel production, Chlorella is an excellent option. The selection of the most appropriate
species has to take into account other factors, since other species are as efficient and productive as this one.
For example, microalgae can develop under specific conditions or if nutrients are available. When selecting
the most appropriate species or strains for biodiesel production, all of these parameters need to be taken into
account simultaneously. Additionally, different microalgae species have different fatty acid compositions,
which can affect biodiesel’s characteristics. Some of them belong to the v3 and v6 families of saturated and
unsaturated fatty acids. Seven fresh water microalgae species were analyzed by Thomas et al. (1984) and
showed to synthesize C14:0, C16:0, C18:1, C18:2, and C18:3 fatty acids. According to this author, individ-
ual fatty acid chains vary in intensity according to species, including C16:4 and C18:4 in Ankistrodesmus
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sp., C18:4 and C22:6 in Isochrysis sp., C16:2, C16:3, and C20:5 in Nannochloris sp.,and C16:2, C16:3, and
C20:5 in Nitzschia sp). Nutritional factors, environmental conditions, and growth phases may influence fat-
ty acid composition. B. braunni, for example, accumulated C18:1 in response to nitrogen deficiency and salt
stress (Thomas et al. 1984). Various algae species also have different fatty acid compositions, according to
other authors (Poisson et al. 2002; Natrah et al. 2007; Gouveia and Oliveira 2009).

Microalgae biodiesel value chain stages

The schematic of biodiesel production from microalgae is shown in Fig. 3. Selecting the suitable species
for the culture conditions and product is the first step (Pulz and Gross 2004). A number of factors need to
be taken into consideration before starting a culture, air (carbon dioxide), pH, such as light, temperature
and nutrient concentration. A variety of methods can be used for the harvest of microalgae, sedimentation,
centrifugation, such as microscreening, flocculation and membrane filtration.

Drying under vacuum removes water from the harvested biomass until it achieves a constant weight. Oil
is extracted by pulverizing the dried biomass with a mortar and pestle.

In the extraction of oil from microalgae, three methods are known: steam extraction, solvent extraction
and supercritical fluid extraction (Demirbas 2008). Soxhlet extraction uses hexane as a solvent and takes
four hours to complete. Several other solvents can be used, including ethanol, petroleum ether and a mix-
ture of hexane and ethanol. A number of methods can be used for converting raw oils into biodiesel: direct
use, microemulsions, thermal cracking (pyrolysis) and transesterification among others. Ma and Hanna
(1999) and Leung et al. (2010)especially alkali-catalyzed transesterification. When the raw materials (oils
or fats provide comprehensive descriptions and comparisons of these methods. Transesterification, or al-
coholysis, is the most common process for reducing oil viscosity due to its ability to produce fatty esters
(biodiesel) (Demirbas 2008). Transesterification is a process by which triglycerides are converted first into
diglycerides, then into monoglycerides, and then into esters (biodiesel) and glycerol (byproducts). There
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are other sources of information about microalgae-based biodiesel production (Brennan and Owende 2010;
Mata et al. 2010).

Transesterification of microalgal oil to biodiesel
Chemical transesterification approach

Alkali or acid catalysts can be used to transesterify microalgal lipids into biodiesel. An overview of down-
stream biodiesel production processes is shown in Fig. 3. Oils and fats can be transesterified to biodiesel
faster and more efficiently with alkali-catalyzed transesterification compared to acid catalysis (Christopher
et al. 2014). Oils with low acid values are preferable for biodiesel production since they avoid yield loss-
es due to basic transesterification. In this case, soap can be produced in parallel with the free fatty acids,
which results in the consumption of the catalyst and a reduction in its efficiency. Moreover, saponification
increases viscosity, resulting in gels that complicate biodiesel separation (Yan et al. 2014). In order to
remove these free fatty acids, an esterification step is recommended since microalgal oil has a high acid
value (Tabernero et al. 2012)together with an evaluation of feasibility is performed in this article. The plant
employs the microalgae Chlorella protothecoides to obtain biomass. The subsequent oil extraction is done
with supercritical carbon dioxide. Based on previous studies, it was possible to determine the mass and
energy balances and to design the equipment of the main process. A non-conservative study reveals the no
feasibility of the production plant unless the residues are sold (two different and real prices were chosen.
As aresult of esterification, free fatty acids are converted into alkyl-esters by adding an alcohol, which pro-
duces biodiesel and water. A potassium hydroxide (KOH) catalyst is used to transesterify the oil after cen-
trifugation and separation from the catalyst. An ester bond between fatty acids and the backbone of glycer-
ol is cleaved by the catalyst during transesterification (Chisti 2008). After liberating fatty acids, FAME is
formed by reacting them with methanol. The forward reaction is driven by a large amount of methanol in
excess of stoichiometric requirements (6:1 molars) in laboratory scale experiments using a small quantity of
crude microalgal lipids to drive the forward reaction and ensure quantitative transesterification (Stojkovi¢
et al. 2014). Numerous authors have studied the kinetics of transesterification in biodiesel production (Dar-
noko and Cheryan 2000; Komers et al. 2002; Vicente et al. 2005) diglycerides (DG).

Enzymatic transesterification approach

The use of enzyme catalysts can result in high yield and quality biodiesel from low quality feedstocks with
a high content of free fatty acids (Atadashi et al. 2012). Biodiesel can be converted into biodiesel with up to
98% purity using enzyme catalysts (Tran et al. 2012; Lai et al. 2012). To prevent enzyme activity loss, the
enzymatic transesterification reaction often occurs at lower temperatures than acidic or alkaline reactions
(Gog et al. 2012). There is a range of temperatures that work best for certain lipases used in the biodiesel
synthesis process, between 30°C and 55°C (Iso et al. 2001; Haas et al. 2002). The optimal temperature
range for converting microalgal oil extracted from Chlorella vulgaris ESP-31 was reported by Tran et
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al. (2012) to be 25-40°C. Transesterification of triglycerides into biodiesel is insignificantly affected by
water when enzymes are involved. Enzymes in the surrounding region are, however, influenced by water
(Atadashi et al. 2012). Lipase-catalyzed transesterification is essentially non-aqueous, and water plays an
important role in influencing the catalytic activity and stability of lipase in this medium (Gog et al. 2012).
When the enzyme is dissolved in an organic solvent, some water is usually required to maintain its activ-
ity. Glycerol, the main byproduct of transesterification, may be attenuated by adding water to the reaction
mixture (Tran et al. 2012). Increasing mass transfer resistance is one of the major reasons why immobilized
lipase is less active when there is an accumulation of glycerol in the reaction mixture. It has been extensive-
ly reviewed elsewhere how water affects enzymatic transesterification (Atadashi et al. 2012). A complex
separation, purification, and immobilization procedure limits lipase production at a commercial scale due
to its high cost. In 1979, Atkinson et al developed a technique called biomass solid particle (BSP) that im-
mobilized whole cell biocatalysts on porous solid supports (Gog et al. 2012). The conversion of soybean oil
to biodiesel by whole-cell lipases immobilized on polyurethane foam BSPs has been found to be 90%, but
no experiments have been conducted on microalgae oil lipases (Ban et al. 2002). As a result of inefficient
mass transfer, immobilized whole cell lipase has a slow reaction rate. It is possible to mitigate this limitation
by using packed bed reactors with whole cell biocatalysts and by operating them continuously (Fukuda et
al. 2009).

Advantages of using microalgae for biodiesel production

Research publications and articles have described microalgae as having many advantages over other bio-
diesel feedstocks. It is easy to cultivate them, they grow without much attention, they use unsuitable water,
and they are easy to get nutrition from (Renaud et al. 1999; Tsukahara and Sawayama 2005; Chisti 2008;
Hossain et al. 2008; Li et al. 2008; Rodolfi et al. 2009).

It takes microalgae a few days to complete an entire growth cycle through photosynthesis which con-
verts sunlight into chemical energy (Sheehan et al. 1998). Furthermore, they grow almost anywhere, as
long as they have sunlight and some simple nutrients, although specific nutrients and adequate aeration can
accelerate their growth (Renaud et al. 1999; Pratoomyot et al. 2005; Aslan and Kapdan 2006).

Many types of microalgae are capable of adapting to a variety of environmental conditions. In this
manner, it is possible to identify species with specific growth characteristics or adaptation to local envi-
ronments, which is not possible with other current biodiesel feedstocks (such as soybean, rapeseed, sun-
flower and palm oil). As compared to conventional forestry, agricultural crops, and aquatic plants, they
have significantly higher growth rates and productivity, and require much less land. Compared to rapeseed
or soybean crops, algae biomass contains up to 49 or 132 times as much oil (w/w), for a 30% (w/w) oil con-
tent (Chisti 2007). Thus, arable soil is less competitive with other crops, including crops used by humans.
Biodiesel, methane, hydrogen, and ethanol are among the renewable fuels that microalgae can be converted
into. Compared to petroleum diesel, algae biodiesel emits fewer particulates, CO, hydrocarbons, and SOx
while reducing particulate matter, CO, and hydrocarbon emissions. Some engine types, however, may emit
more NOx (Delucchi 2003).

Microalgae can also be used for other purposes besides biofuel production. We are currently considering
the following possibilities:

- A company or process can reduce its GHG emissions by removing CO, from industrial flue gases
through algae bio-fixation (Wang et al. 2008).

- Algae uses these water contaminants as nutrients to grow after NH,*, NO,, PO’ are removed from the
wastewater (Wang et al. 2008).

- Depending on the N:P ratio of the algae biomass, it can be used as organic fertilizer, ethanol, methane,
or burned for energy cogeneration (electricity and heat) (Wang et al. 2008);

- Due to their ability to grow in harsher conditions, and their reduced requirement for nutrients, they
can be grown in areas that are not suitable for agriculture, regardless of seasonal weather changes. Waste-
water can also be used as a culture medium without requiring freshwater, which prevents them from com-
peting for arable land.

- A variety of fine chemicals and bulk products can also be extracted from microalgae, depending on its
species, some of which have valuable applications in different industries, including fats, polyunsaturated
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Table 2 Lipid content and productivities of different microalgae species

Marine and freshwater Lipid content (% dry Lipid productivity Volumetric productivity ~ Areal productivity of
microalgae species weight biomass) (mg/L/day) of biomass (g/L/day) biomass (g/m%day)
Ankistrodesmus sp. 24.0-31.0 - - 11.5-17.4
Botrycoccus braunii 25.0-75.0 - 0.02 3.0
Chaetoceros muelleri 33.6 21.8 0.07 -
Chaetoceros calcitrans 14.6-16.4/39.8 17.6 0.04 -

Chlorella emersonii 25.0-63.0 10.3-50.0 0.036-0.041 0.91-0.97
Chlorella protethecoides ~ 14.6-57.8 1214 2.00-7.70 -
Chlorella sorokiniana 19.0-22.0 44.7 0.23-1.47 -
Chlorella vulgaris 5.0-58.0 11.2-40.0 0.02-0.20 0.57-0.95
Chlorella sp. 10.0-48.0 42.1 0.02-2.5 1.61-16.47/25
Chlorella pyrenoidosa 2.0 - 2.90-3.64 72.5-130
Chlorella 18.0-57.0 18.7 - 3.50-13.90
Chlorococcum sp. 19.3 53.7 0.28 -
Crypthecodinium cohnii ~ 20.0-51.1 - 10 -
Dunaliella salina 6.0-25.0 116.0 0.22-0.34 1.6-3.5/20-38
Dunaliella primolecta 23.1 - 0.09 14
Dunaliella tertiolecta 16.7-71.0 - 0.12 -
Dunaliella sp. 17.5-67.0 335 - -
Ellipsoidion sp. 274 473 0.17 -

Euglena gracilis 14.0-20.0 - 7.70 -
Haematococcus pluvialis ~ 25.0 - 0.05-0.06 10.2-36.4
Isochrysis galbana 7.0-40.0 - 0.32-1.60 -
Nitzschia sp. 16.0-47.0 - - 8.8-21.6
Qocystis pusilla 10.5 - - 40.6-45.8
Paviova salina 30.9 49.4 0.16 -

Paviova lutheri 35.5 4.02 0.14 -
Phaedactylum 18.0-57.0 44.8 0.003-1.9 2.4-21
tricornitum

Porphyridium cruentum 9.0-18.8/60.7 34.8 0.36-1.50 25
Scenedesmus obliquus 11.0-55.0 - 0.004-0.74 -
Scenedesmus 1.9-18.4 35.1 0.19 -
quadricauda

Scenedesmus sp. 19.6-21.1 40.8-53.9 0.03-0.26 2.43-13.52
Skeletpnema sp 13.3-31.8 27.3 0.09 -
Skeletonema costatum 13.5-51.3 17.4 0.08 -
Spirulina platensis 4.0-16.6 - 0.06-4.3 1.5-14.5/24-51
Spirulina maxima 4.0-9.0 - 0.21-0.25 25
Thalassiosira 20.6 17.4 0.08 -
pseudonana

Tetraselmin suecica 8.5-23.0 27.0-36.4 0.12-0.32 19
Tetraselmis sp. 12.6-14.7 43.4 0.30 -
Monodus subterraneus 16.0 30.4 0.19 -
Monallanthus salina 20.0-22.0 - 0.08 12
Nannochloris sp. 20.0-56.0 60.9-76.5 0.17-0.51 -
Nannochloropsis oculata ~ 22.7-29.7 84.0-142.0 0.37-0.48 -
Nannochloropsis sp. 12.0-53.0 37.6-90.0 0.17-1.43 1.9-5.3
Neochloris 29.0-65.0 90.0-134.0 - -
oleoabundans

Nitzschia sp. 16.0-47.0 - - 8.8-21.6
Qocystis pusilla 10.5 - - 40.6-45.8
Paviova salina 30.9 49.4 0.16 -

Pavlova lutheri 355 40.2 0.14 -
Phaepdactylum 18.0-57.0 44.8 0.003-1.9 2.4-21
tricornitum

Porphyridium cruentum 9.0-18.8/60.7 34.8 0.36-1.50 25
Scenedesmus obliquus 11.0-55.0 - 0.004-0.74 -
Scenedesuus 1.9-18.4 35.1 0.16 -
quadricauda

Scenedesmus sp. 19.6-21.1 40.8-53.9 0.03-0.26 2.43-13.52
Skeletonema sp. 13.3-31.8 273 0.09 -
Skeletonema costatum 13.5-51.3 17.4 0.08 -

Spirulina platensis 4.0-16.6 - 0.06-4.3 1.5-14.5/24-51
Spirulina maxima 4.0-9.0 - 0.21-0.25 25

*Source: Thomas et al. 1984; Zhu and Lee 1997; Renaud et al. 1999; Illman et al. 2000; Poisson et al. 2002; Grima et al. 2003; Richmond et al. 2004;
Moheimani 2005; Spolaore et al. 2006; De Morais et al. 2007; Chisti 2007; Natrah et al. 2007, Demirbas 2008; Li et al. 2008; Eriksen 2008; Gouveia
et al. 2009; Chiu et al. 2009; Rodolfi et al. 2009; Mata et al. 2010.
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fatty acids, antioxidants, oils, pigments, sugars, natural dyes, bioactive compounds, and others (Raja et al.
2008).

- Microalgae can revolutionize the biotechnology field in many ways, including biofuels, pharmaceu-
ticals, cosmetics, food additives, nutrition, aquaculture, and pollution prevention, because of their wide
range of high-value biological derivatives and their potential commercial applications (Raja et al. 2008;
Rosenberg et al. 2008).

Conclusion

Biofuels, bioactive medicines, and food ingredients can be obtained from microalgae, which are tiny fac-
tories. Since microalgae have many advantages as a sustainable feedstock for biodiesel production, they
may be a potential source for producing third generation biodiesel; however, more research will need to be
conducted to identify the best microalgae species for biodiesel production and improve their yield.

The process for producing biodiesel from microalgae should remain the same in the future, but more
research is needed to understand how algal lipids, especially triglycerides, are synthesized. Due to their
poor performance in many environmental impacts, other potential sources of biodiesel cannot compete with
microalgae for creating realistic biodiesel production.
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