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Abstract

Given that sustainable energy production and advanced wastewater treatment for producing clean water are two
major challenges faced by modern society, microalgae make a desirable treatment alternative by providing a
renewable biomass feedstock for biofuel production, while treating wastewater as a growth medium. Micro-
algae have been known to be resilient to the toxic contaminants of highly concentrated organic wastewater (e.g.,
organic nitrogen, phosphorus, and salinity) and are excellent at sorbing heavy metals and emerging contami-
nants. Economic and environmental advantages associated with massive algae culturing in wastewater con-
stitute a driving force to promote its utilization as a feedstock for biofuels. However, there are still many
challenges to be resolved which have impeded the development of algal biofuel technology at a commercial
scale. This review provides an overview of an integrated approach using microalgae for wastewater treatment,
CO, utilization, and biofuel production. The main goal of this article is to promote research in algae tech-
nologies by outlining critical needs along the integrated process train, including cultivation, harvesting, and
biofuel production. Various aspects associated with design challenges of microalgae production are described
and current developments in algae cultivation and pretreatment of algal biomass for biofuel production are also
discussed. Furthermore, synergistic coupling of the use of microalgae for advanced wastewater treatment and
biofuel production is highlighted in a sustainability context using life cycle analysis.
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Introduction and a lack of well-managed agricultural practices in emerg-

ing economies (IEA, 2007b). Second-generation biofuels

THERE IS AN INCREASING DEMAND for securing sustain-
able energy and clean water using innovative technolo-
gies, which can improve energy efficiency, mitigate greenhouse
gas (GHG) emissions, and produce clean and safe water with
less energy consumption. In recent years, the use of liquid
biofuels in the transport sector has shown rapid global
growth, driven mostly by policies focused on achieving en-
ergy security and mitigation of GHG emissions (IEA, 2007a).

First-generation biofuels, which have now attained eco-
nomic levels of production, are mainly extracted from food
and oil crops, including rapeseed oil, sugarcane, sugar beet,
and maize (FAO, 2008). It is projected that the growth in
production and consumption of liquid biofuels will continue,
but their impacts toward meeting overall energy demands in
the transport sector will remain limited due to competition
with food production, regionally constrained market structures,
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produce fuels from dedicated energy crops, rather than from
food crops (Moore, 2008); however, technology for con-
version of these fibrous feedstock has not yet reached the
scale for commercial exploitation (FAO, 2008) and large
amounts of land is still needed.

Microalgae-based biofuels, now considered the third
generation of biofuel, can make a significant contribution to
meeting primary energy demands by using nonarable land.
Cultivated in brackish and wastewater, microalgae biofuel
production does not compromise the production of food crops
(Chisti, 2007; Dismukes et al., 2008). Microalgae are capa-
ble of rapid growth under light, which fosters oil productiv-
ity that exceeds the yields of the best oilseed crops (e.g.,
12,000 L/ha biodiesel yield for microalgae compared to 5,950
biodiesel yield for oil palm) (Schenk et al., 2008; Dragone
et al., 2010). They can also produce valuable coproducts
such as carbohydrates, proteins, and residual biomass, which
may be used as fertilizer (Metting, 1996) or fermented to
produce ethanol or methane (Hirano et al., 1997).

Microalgae are capable of photobiological production of
biohydrogen (Ghirardi et al., 2000). The combination of
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potential biofuel production, biohydrogen production, and
biotreatment of wastewater emphasizes the potential appli-
cations of microalgae. Downstream processes for microalgal-
based biofuel production are receiving increasing attention,
which contributes to 60% of the total biodiesel production
cost (Kim et al., 2013). It is necessary to reduce the down-
stream costs to ensure the economic feasibility of microalgal-
based biofuel production. Despite inherent potential as a
biofuel resource, there are still many challenges to be re-
solved which have impeded the development of algal biofuel
technology at a commercial scale.

This review outlines state-of-the-art technologies and
methods for biofuel production from microalgae used in
wastewater treatment. The present communication high-
lights the process train for biofuel production from algae
used in wastewater, which includes cultivation, harvesting,
and biofuel production. It also seeks to identify knowledge
gaps within each area, which can be targeted for focused
research and innovation for sustainable algae-based biofuel
technologies.

Wastewater Treatment and Algal Biofuel Technology

Wastewater treatment systems using microalgae represent
a low-cost and environment-friendly wastewater treatment
alternative when compared to conventional wastewater treat-
ment processes (Liu et al., 2013). Algae’s nutritional and
chemical requirements can offer opportunities for advanced
bioremediation and biofuel production by integrating industrial
and municipal utilities with algae systems for a more holistic use
of urban resources. For example, integrated algal wastewater
treatment systems are able to capture CO, from power plants
and remove nitrogen (N) and phosphorus (P) from wastewater,
while cultivating algae for biofuel production (Fig. 1). Recent
studies emphasize four benefits of integrated algal systems:
(1) effective CO, filters, which utilize CO,-rich exhausts for
algae growth in a sustainable way; (2) advanced biological
wastewater treatment using the ability of algae to utilize N
and P containing wastewater as an ecological wastewater
treatment practice; (3) biofuel production given that algae can
accumulate 20-70% lipid as part of their biomass; and (4)
production of other valuable products, including carbohydrate,
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proteins, vitamins, and pigments for use as fertilizer or phar-
maceutical applications. These four benefits promote the uti-
lization of high nutrient resources for cost-effective algae
cultivation. Pilot-scale algal bioreactors used for biofuel pro-
duction already show lower GHG emissions than petroleum
and other bioenergy benchmarks; there are still limitations that
need to be addressed (Lundquist et al., 2010; Liu et al., 2013).

Algal cultivation in wastewater

Algal cultivation trends are highly dependent on economic
factors with the goal of producing large amounts of lipids and
biomass at low cost. Table 1 illustrates trends in algal culti-
vation research by focusing on operational parameters that
can have large impacts on the costs of algal cultivation.
Parameters like pH, temperature, carbon source, and light
intensity are now well understood and should be considered
when designing algal cultivation processes. In general, algal
wastewater cultivation processes should be operated like any
biological wastewater treatment system. Large variations in
temperature and pH can hinder algal growth. Nutrients found
in most wastewaters should be sufficient for algal growth;
however, desirable lipid production can be induced by nu-
trient control (e.g., P depletion). Other components like trace
metals or silicon can also be utilized to improve lipid content.
Inorganic carbon concentration is important to monitor for
proper autotrophic cultivation and pH control. Salinity plays
a large role in algal cultivation; however, salinity may only
need to be considered with certain irregular waste streams
(e.g., concentrate from desalination). Table 2 summarizes
key operational parameters for algae cultivation. In addition,
algae cultivation reactors have direct impacts on costs of
cultivation and have been extensively studied for tradeoffs
between cost and algae purity and lipid content. Open air,
closed, and biofilm systems are commonly used reactors for
cultivation and are discussed in more detail below.

Open air systems. Open air algal cultivation allows for
small capital investments, free solar energy, and low energy
for mixing. Open air systems are also vulnerable to con-
tamination and only suitable for mixed culture cultivation.
They also provide no control over temperature and lighting,
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TABLE 2. KEY OPERATIONAL PARAMETERS FOR ALGAL CULTIVATION

Key operational parameters

Description

Typical optimum temperature is between 25 and 30°C for algal cultivation

Possible culture loss when exceeding the optimum temperature by more

Temperature
(Mehlitz, 2009).
Temperature has a large impact on growth rate.
than 4°C (Moheimani, 2005).
pH effect Higher photosynthetic activity can increase pH.

Rising pH can be regulated by the addition of CO,.
Neutral pH is favorable, but pH as high as 10 and as low as 4 are tolerable
by some species (Moheimani, 2005).

Inorganic carbon effect

CO, and HCOj3™ act as an inorganic carbon source for microalgae.

Dissolved inorganic carbon can be supplied from flue gas to save money and
increase growth rates (De Morais and Costa, 2007; Van Den Hende et al., 2011).

Flue gas quality is important when using power plants as an inorganic carbon
source (algae are sensitive to NOx and SOx).

N and P ratio

The optimum N:P ratio is between 5:1 and 10:1 for microalgae growth.

Improvement of lipid accumulation with decreasing N and P concentration in
microalgae (Shama et al., 2012; Liang et al., 2013).
Reduced biomass growth with decreasing N and P concentration.

Intermedium nutrient

Trace metals and other trace elements (e.g., silicon deficiency) can have

large impacts on microalgae growth and lipid production (Griffiths and

Harrison, 2009).

Iron supplementation affects lipid content and growth in C. vulgaris (Liu et al., 2008).
Heavy metals and nanoparticles can inhibit microalgae growth (Cheung et al., 1993).

Light effect

Strong illumination can inhibit the photosynthetic process (Kaewpintong,
2004; Kim et al., 2015).

Surface area to volume ratio of 2-8 m*/m> creates photoinhibition (Pulz, 2001).

Salt effect

Hot weather and high evaporation can cause a salinity affect.

High salinity can cause osmotic and cellular ionic stress due to selective ion
permeability of the cell wall (Moheimani, 2005; Salama et al., 2014).
High salinities can increase lipid content of some microalgae species.

which limit locations and times of the year open cultivation
can be used (Kumar et al., 2015). In general, there are four
major open systems for algal cultivation using wastewater;
shallow big ponds, tanks, circular ponds and High Rate
Algal Ponds (HRAP). (Kumar et al., 2015). HRAPs are
commonly used to grow algae in wastewater and were first
proposed by Oswald and Golueke (1960) as a way for
economical algae biomass cultivation. They are still used by
wastewater treatment plants as part of an advanced pond
system, comprising anaerobic digestion pits, HRAPs, algal
settling ponds, and maturation ponds in series (Park et al.,
2011). HRAPs have not been as widely applied as faculta-
tive ponds, but with increasing regulatory pressure to re-
move nutrients and subsequent recognition of algae’s
potential as a renewable energy source, it is likely that
HRAPs will be more widely applied in the future (Park
et al., 2011). A recent full-scale example of HRAPs being
used for wastewater treatment and biomass production is the
Cambridge WWTP in North Island, New Zealand, where
two 1-ha HRAPs were constructed to treat up to 1,500 m?
day™" of wastewater (Craggs er al., 2015).

Closed systems. Microalgae can be grown in photo-
bioreactors (PBRs), where parameters like lighting, gas ex-
change, and mixing can be systematically controlled. PBRs
offer a reduced contamination risk, which allows for culti-
vation of monocultures. The scale-up of PBRs have been

proven difficult and costly. In particular, closed PBRs tend
to overheat and without thermoregulation, temperatures
can reach lethal levels. Attempts have been made to ad-
dress thermal regulation issues; however, these solutions
lead to higher construction and operation costs and nega-
tively impact the environmental footprint (Pruvost et al.,
2016). PBRs also have problems with dissolved oxygen
(DO) build up, particularly at large scales. Air sparging can
help remove DO, but adds to construction and energy costs.
A recent study evaluated using perfluorocarbon nanoemul-
sions as oxygen scavengers and showed promising results
(Lee and Yeh, 2015). Many designs of PBRs have been in-
troduced to improve cultivation and reduce costs. The most
common configurations include tubular systems, flattened
plate-type systems, and ultrathin immobilized configurations
(Pulz, 2001).

Biofilm systems. Algal biofilm systems for wastewater
treatment and biomass production are less common than sus-
pended algal production systems, but have drawn attention due
to their growth platform addressing the issues of biomass har-
vesting commonly associated with mass algal cultivation. Algal
““disks,” rotating algal biofilm reactors, and algal turf scrubbers
have been studied on bench (Kesaano and Sims, 2014) and
pilot scales (Mulbry et al., 2008; Christenson and Sims, 2012)
with promising results. However, successful integration of
algal biofilms into wastewater treatment processes for nutrient
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removal is still limited by the lack of information on system
performance, sustainability, and economic validity at a full
scale (Kesaano and Sims, 2014).

Algae for nutrient removal in wastewater

In most conventional wastewater treatment operations,
microorganisms require large amounts of oxygen to degrade
organic material biochemically. Aeration devices use a large
amount of electrical power with 45-75% of plant energy
costs (Rosso et al., 2008) and impose a significant financial
burden. Algae have been used extensively in wastewater
treatment, either in conventional waste stabilization ponds
or high-rate algae ponds, as a means to supply oxygen at a
fraction of the energy required by mechanical aeration. Algae
also play an important role in nutrient removal and recovery.
A major requirement of utilities is to remove nitrogen (N)
and phosphorus (P) from wastewater to prevent eutrophica-
tion of downstream rivers or lakes. The removal of N and P
has been performed using nitrifying/denitrifying bacteria and
phosphate-accumulating organisms, respectively; however,
the design of the nutrient removal processes is relatively
sensitive to receiving wastewater characteristics and addi-
tional organic carbon may be required for denitrification.
However, microalgae have been shown to be resilient in
wastewaters toxic to other organisms and use CO, as inor-
ganic carbon (Richards and Mullins 2013). The CO, con-
sumption by algae can increase pH in the bulk, resulting in
NH; volatilization and phosphate precipitation (Pittman
et al., 2011; Kesaano and Sims, 2014). A study by Aslan and
Kapdan (2006) found that a C. vulgaris can completely re-
move the initial 21 mg/L. ammonia nitrogen and 78% of the
initial 7.7 mg/L of PO,4-P from synthetic wastewater (Aslan
and Kapdan, 2006). Many other studies (Chevalier and De la
Noiie, 1985; Rai and Mallick, 1992; Garcia er al., 2006) also
showed the ability of algae to remove N and P simulta-
neously. While N removal by microalgae is believed to be the
result of assimilation, P removal by microalgae is still not as
well understood and two metabolic processes for P removal
have been still debated:(1) the assimilation of phosphorus for
algal growth and (2) luxury P uptake where P is stored within
the algal biomass as polyphosphates (Powell et al., 2008).

Many parameters can affect nutrient removal by micro-
algae and these include pH, temperature, nutrient concen-
trations, and lighting. These variables will differ depending
on wastewater and the ability to remove nutrients will vary
between algal species and water conditions. In addition,
biotic factors can negatively impact algal growth in waste-
water. Other microorganisms in wastewater can out-compete
the algae for essential nutrients, and pathogenic bacteria or
predatory zooplankton will harm the microalgae. The starting
population of the microalgae is critical for the growth of the
whole population.

Algae for heavy metal removal in wastewater

Many algae species have the capability of sorbing metals,
leading to considerable potential for treating industrial
wastewater and leachate containing heavy metals (Li et al.,
2009; Suresh et al., 2015). Wastewaters from electroplating,
electronics, and metal cleaning are often difficult to treat due
to the high amount of heavy metal contamination. Microalgae
have been found to be very effective in removing heavy

HWANG ET AL.

metals due to the high binding affinity of their cell wall
(Chong et al., 2000). Heavy metal biosorption by algae is
thought to occur in a two-phase process (Kaplan et al., 2013).
The first phase is adsorption into extracellular materials (e.g.,
polysaccharides) and the cell wall (carboxyl, sulfate, and
phosphate groups), which is nonmetabolic. The second phase
is absorption and accumulation inside the cell. Both phases
are effected by many parameters (e.g., pH, temperature, and
algae type) and thus studies related to these parameters have
been investigated, including the effects of algae type, pH,
heavy metal concentration, and algal cell size and shape on
heavy metal removal and heavy metal toxicity effects of al-
gae growth (Monteiro et al., 2012; Suresh et al., 2015). The
combined use of microalgae for biofuel production and heavy
metal removal has also been studied (Richards and Mullins
2013); however, the effects of heavy metal sorption by mi-
croalgae on downstream biofuel production processes are
still unclear.

Algae for treating EC-polluted wastewaters

Bioremediation of emerging contaminants (ECs) in waste-
water using algae provides a solar power-driven, ecologically
comprehensive, and sustainable reclamation strategy. Sorp-
tion and biodegradation are known as the main mechanisms
for EC removal (Norvill et al., 2016). Sorption of ECs by
microalgae is highly specific to the EC structure, species
of microalgae, and environmental conditions. A study by
Matamoros et al. (2015) found that ECs generally sorbed
better or similar to activated sludge biomass than algal
biomass. Norvill et al. (2016) summarized the range of EC
removal from none to 100% using various species of mi-
croalgae. For biodegradation, it is suggested that micro-
algae are capable of biodegrading certain EC pollutants
heterotrophically or using extracellular enzymes (Norvill
etal. 2016). A recent study has compared estrogen removal
by live and dead algae (as a control) and found that of
the 60—100% removal, 20-54% was attributed to biodeg-
radation (Hom-Diaz et al. 2015). Another study advocates
biodegradation of antibiotics by microalgae as a detoxifi-
cation response (Liu et al. 2015).

Bioenergy from Algae: Fuel of the Future
Pretreatment technologies of algal biomass

Most microalgae have a resistant cell wall, which hinders
the performance of biofuel conversion technologies. Pre-
treatment techniques are used to breakdown the cell wall and
increase bioenergy (i.e., bioethanol) productivity by en-
hancing the bioaccessibility of intercellular sugars for etha-
nol fermentation (Choi et al., 2011; Jeon et al., 2013; Hwang
et al., 2016). Pretreatment methods can be divided into three
categories: physical (thermal and mechanical), chemical,
and biological. Physical pretreatments are regarded as the
most effective on microalgae cell disruption. They work by
breaking down the crystalline structures within cell wall us-
ing heat or mechanical agitation (sonication and microwave).
Among physical pretreatments, thermal pretreatment is more
widely studied, but its effectiveness is highly dependent on
the microalgae species. Sonication and microwave pretreat-
ments tend to be less dependent on microalgae species, but
are more energy intensive (Passos et al., 2014). Chemical
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PRETREATMENT FOR MICROALGAE ETHANOL PRODUCTION

Microalgae species Pretreatment conditions

Results References

Scenedesmus obliquus Ultrasound (40 KHz; 15 min)
Scenedesmus obliquus

Rhodosporidium toruloides  Ultrasound (800 W; 80 min)

Gelidium amansii Acid and hydrolytic enzyme

Chlorococum humicolo Acid
Chlorococum infusionum Alkaline
Chlamydomonas reinhardtii  Enzymatic

Ultrasound (200 W; 30 s)/high
pressure (24,000 rpm; 5 min)

Pretreatment increased by 7-fold Choi et al. (2011)
ethanol production

Pretreatment did not improve
cell wall disruption

Max. glucose yield (25g/100 g
of biomass) compared to
nonpretreated algae

0.40 g ethanol/g of carbohydrate

0.52 g ethanol/g of carbohydrate

Miranda et al. (2012)
Zhao et al. (2013)

Kim et al. (2011)

Harun and Danquah
(2011)

Harun et al. (2010)

Choi et al. (2010)

0.26 ethanol/g of carbohydrate
0.24 ethanol/g of carbohydrate

pretreatments use acid or alkali reagents to solubilize poly-
mers within the cell wall, thus increasing the availability of
organic compounds for fermentation. When combined with
heat, chemical pretreatments are found to be very effective;
however, chemical contamination and risk of inhibitor for-
mation limit its use at a commercial scale (Passos et al.,
2014). Biological pretreatments, or the use of hydrolytic
enzymes to breakdown components of the cell wall, are an
effective pretreatment for microalgae, but its research is still
limited. One study used an enzymatic mixture composed of
o-amylase, cellulose, lipase, protease, and xylanase to pre-
treat Rhizoclonium biomass and found a 20% improvement in
methane production over physical pretreatment (Ehimen
etal.,2013). Table 3 presents the bioethanol yields of various
microalgae using several pretreatment methods. With the aid
of ultrasonication pretreatment, bioethanol yields of algal
biomass (0.258 g ethanol/g biomass) are similar to that of
glucose (0.258 g ethanol/g biomass) (Choi et al., 2011; Jeon
et al., 2013). This is due to the enhanced bioaccessibility of
intercellular sugars after pretreatment. Overall, biofuel pro-
duction from microalgae can be greatly improved using
pretreatment steps; however, it is important to consider the
algal species, chemical requirements, and energy demand
when designing a bioenergy production process.

Biodiesel production from microalgae

Microalgae make excellent candidates for large-scale
biodiesel production because of their high lipid content (20—
50% [wt/wt]) (Chisti, 2007). Lipid productivity is an im-
portant factor for selecting the most adequate algae species
for biofuel production. Lipid content in microalgae can reach
up to 75% dry biomass weight; however, high lipid content is
typically associated with slow growth and thus low pro-
ductivities (e.g., Botryococcus braunii). Typical lipid con-
tents of various microalgal species are listed in Table 4. Most
microalgae species with high lipid content are not adapted
well for growing in wastewater conditions; however, many
researchers have isolated microalgae to grow them in
wastewater effluents (Zhou et al., 2012; Abou-Shanab et al.,
2013). Microalgae isolated from industrial wastewater were
evaluated for their growth potential in media supplemented
with different organic carbon substrates and resulted in 3—10
times more biomass production and lipid productivity com-
pared to freshwater (Xin et al., 2010; Zhou et al., 2011). To

improve lipid production, it is important to understand the
lipid biosynthesis pathway and its regulators; however, these
pathways have not yet been fully elucidated (Bellou et al.,
2014). Most microalgae accumulate lipid under specific
stress conditions (e.g., N depletion or high salinity). Nutri-
tional and environmental factors, CO,/light intensity, and
growth phase are potential cultivation parameters that affect
lipid production and quality in microalgae (Ji et al., 2014;
Van Wagenen et al., 2014). The composition of the lipids or
fatty acids is important because it affects the characteristics
of biodiesel produced. For example, some algae can produce
large amounts of polyunsaturated fatty acids which tend to
decrease the stability of biodiesel (Abou-Shanab ez al., 2011).
In contrast, it is known that algae species that produce high
oleic acid (C18:1) are most suitable for the production of
high-quality biodiesel because of their reasonable balance of
fuel properties, including ignition quality, combustion heat,
cold filter plugging point, oxidative stability, viscosity, and
lubricity (Or-Rashid et al., 2008).

Biodiesel is a mixture of fatty acid alkyl esters obtained
by transesterification (ester exchange reaction) of lipid
feedstock (e.g., vegetable oils or animal fats). These lipid
feedstock are composed mostly of triglycerides (90-98%)
and small amounts of monoglycerides and diglycerides,
and free fatty acids. Residual amounts of phospholipids,

TABLE 4. LiPID CONTENTS IN VARIOUS MICROALGAE
STRAINS (% DrY WEIGHT)

Microalgal species Lipid content (%)

Ankistrodesmus sp. 16-21
Botryococcus sp. 21-45
Porphyridium cruentum 9-14
Chlorella vulgaris 28-53
Chlamydomonas sp. 16-22
Dunaliella tertiolecta 16-71
Euglena gracilis 14-20
Nannochloropsis sp. 12-53
Monoraphidium contortum 22
Scenedesmus obliquus 17
Synechoccus sp. 11
Scenedesmus dimorphus 16-40
Tribonema minus 50

Adapted from Borowitzka (2013); Nascimento et al. (2013).
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phosphatides, carotenes, tocopherols, sulfur compounds,
and traces of water are also present (Bozbas, 2008). These
triglycerides are converted to esters through a multiple-step
reaction called transesterification. In the transesterification
reaction, esters can have R1, R2, and R3 as long-chain
hydrocarbons. During the reaction, oil or fat (containing
triglycerides) undergoes a nucleophilic attack by an in-
coming alcohol (methanol or ethanol) to give a tetrahedral
intermediate, which proceeds to the transesterified product
(biodiesel) and a coproduct (glycerol). A base catalyst (i.e.,
NaOH) is typically used to promote formation of biodiesel,
although acid catalysts can also be used. Some advanced
processes like fixed bed reactors, supercritical reactors, and
ultrasonic reactors decrease or completely eliminate the need
for chemical catalysts (Warabi et al., 2004). Most common
industrial processes use homogeneous alkali catalysts (e.g.,
NaOH or KOH) in stirred reactors operating in batch mode;
however, some improvements for this process are currently
being conducted. In particular, microwave-assisted reactors
(Azcan and Danisman, 2008; Cravotto et al., 2008), cavitation
reactors (Gogate, 2008), and ultrasonic reactors (Kalva et al.,
2008) may be able to operate in continuous mode with a re-
duced reaction time. The alcohol:oil theoretical molar ratio is
3:1; however, a molar ratio of 6:1 is generally used to complete
the reaction. Theoretically, the relationship between the FAME
input and biodiesel output is 1:1; but in reality, 1 g of FAME
results in 0.84 g of biodiesel production (EI-Shimi et al., 2013).

Bioethanol from algal metabolites

Bioethanol can be produced from various biomass feed-
stock, which include easily fermentable starches and sugars
associated with first-generation feedstock or low-cost ligno-
cellulosic biomass associated with second-generation feed-
stock (Chiaramonti, 2007). Lignocellulosic biomass (e.g.,
grasses, sawdust, and woodchips) are low-cost feedstock,
which can be enzymatically hydrolyzed to fermentable sug-
ars for subsequent biofuel production; however, the feasi-
bility of using these materials as a feedstock is often limited
by the low yield and high cost of the hydrolysis process (Chen
et al., 2003; Wen et al., 2004).

Microalgae are considered to be a biofuel feedstock that is
exceedingly rich in carbohydrates and lipids, which can be
converted to ethanol by fermentation (Adams et al., 2009; Lii
et al., 2011). Although bioethanol fermentation generates a
large amount of by-product CO,, this disadvantage can be
overcome when bioethanol fermentation is coupled with the
cultivation of carbohydrate-rich microalgae (Ho et al., 2011).
The CO, produced from bioethanol fermentation processes
can be fully utilized for growing microalgae resulting in
carbohydrate-rich microalgal biomass that can be used as
feedstock for bioethanol production by fermentation. This
integrated process can efficiently achieve the goal of GHG
mitigation and reutilization. Moreover, the carbohydrate
productivity of microalgae is usually higher compared with
lipids since the accumulation of the latter requires intensive
stress, while carbohydrate production is readily achieved by
photosynthesis through the Calvin cycle. Understanding of
fundamentals underlying the carbohydrate metabolism of
microalgae is a prerequisite for developing more effective
strategies to increase the carbohydrate productivity, which
should be optimized by manipulation of the key operating
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factors (Mooij et al., 2015). In addition, economic and ef-
fective saccharification processes should also be developed to
enhance the efficiency of biofuel conversion through the
microalgae biomass.

Biomethane production by microalgae

Microalgae are widely used for biomethane production by
fermentation because of their high carbohydrate contents. A
study by Ward et al. (2014) investigated the anaerobic di-
gestion of Chlorella vulgaris and Scenedesmus, which were
cultivated as part of an advanced integrated wastewater pond
system. The results showed that biomethane fermentation
from these microalgae species requires less energy than
biodiesel production, despite lower methane production due
to high N concentrations in wastewater than typical fresh-
water microalgae.

Microalgal hydrogen production

Hydrogen production using green algae is possible through
the utilization of fermentative metabolism. Several micro-
algae species (e.g., Scenedesmus sp., Chlorella pyrenoidosa,
and Chlamydomonas moewusii) showed their capability of
producing molecular hydrogen under anaerobic conditions
(Vijayaraghavan et al., 2010). The hydrogen production
ability of fresh water algae was also investigated under
varying photoperiods (e.g., 2—4h and alternating light and
dark period) and was found to produce 49%, 85%, and 88% of
hydrogen content, respectively (Gaffron and Rubin, 1942).

Microalgae convert light energy into chemical energy ac-
cording to the photosynthetic pathway shown in Figure 2.
This process, which takes place in the thylakoid membranes,
starts with light absorption by pigment molecules (chloro-
phylls, phycobilins, and carotenoids) bound to light-harvesting
protein complexes associated with two multimembrane pro-
tein complexes, Photosystem I (PS I) and Photosystem II (PS
II). The unique chlorophyll of PS I and PS II is referred to as
P700 and P680 (P means pigment). The absorbed light energy
in the pigments is then transferred to the reaction center of PS I
and PS II where electrons derived from PS II are passed along
the photosynthetic electron-transport chain by plastoquinone
(PQ), the cytochrome b6/f complex (Cyb6/f), plastocyanin
(PC), PS I, and ferredoxin (FDX). All oxygenic phototrophs
(i.e., cyanobacteria and green algae) extract electrons and
protons from water and use them to reduce PQ and NAD*
as energy sources for the metabolism. However, they can
transiently produce H, under anaerobic conditions by proton
reduction catalyzed by hydrogenase (or nitrogenase) in com-
petition with other intracellular processes. Then, the electrons
and protons, which are ultimately produced by water oxida-
tion, are transduced by ferredoxin/NADH to hydrogenase.
Thus, the photosynthetically reduced ferredoxin (or NADH)
can serve as the physiological electron donor to hydrogenase
and links hydrogenase (or nitrogenase) to the electron transport
chain (Prince and Kheshgi, 2005).

H, production rate is usually low in the photosynthetic
organisms because oxygen-sensitive hydrogenase is located
in the chloroplast where PS Il releases O,. There are several
natural mechanisms that can be used for lowering the con-
centration of O, such as the enhancement of respiration,
photochemical reduction of O, by PS I, and reversible inac-
tivation of O, evolution in PS II (Kruse et al., 2005). Among
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them, sulfur control is commonly used to deplete oxygen in
photo systems. Under sulfur-deprived conditions, there is a
reversible decline in the rate of oxygenic photosynthesis,
which leads to an inactivation of PS II so that cellular res-
piration draws to ‘‘anaerobiosis’” and thus initiates H, evo-
lution by hydrogenase (Melis et al., 2000; Laurinavichene
et al., 2008). However, sulfur control is difficult in real-
world applications (e.g., wastewater). Recently, Hwang
et al. (2014a) observed oxygen production in microalgae
right after acetate in anaerobic effluent was consumed be-
yond a critical level (<15 mM). Therefore, it was proposed
that by maintaining acetate concentrations above 15 mM,
anaerobic conditions can be achieved in real wastewater
even without sulfur control. Based on this hypothesis, it is
possible to use fermenter effluent as a growth medium and
oxygen controller for microalgal hydrogen production. An-
other study by Hwang et al. (2014b) demonstrated the ex-
pression and the specific activity of hydrogenase by Chlorella
vulgaris under atmospheric oxygen levels. This result shows
that eukaryotic microalgae have an oxygen-tolerant [FeFe]
hydrogenase, and further research could identify the gene of
the oxygen-tolerant hydrogenase, which could provide an
opportunity to develop an artificial oxygen-tolerant hydroge-
nase technology.

Biohydrogen in fuel cells and biorefineries

Microbial fuel cells (MFCs) are bioelectrochemical sys-
tems that utilize exoelectrogenic bacteria to produce elec-
tricity using wastewater. A study by Rosenbaum et al. (2010)
proposed the use of photosynthetic microorganisms as bio-
catalysts for oxidation—reduction reactions that occur in the
anode and cathode compartments of an MFC. The systems
are known commonly known as photo MFCs (Photo-MFCs)
and are capable of using the cost-free solar radiation to
generate energy. The advantage of photo-MFCs lies with the
possibility of the biodegradation of wastewater by bacteria in
the anode and CO,, N, and P fixation by microalgae in the
cathode concomitant with the production of bioelectricity.

A microbial electrolysis cell (MEC) is an emerging tech-
nology that utilizes biodegradable wastewater for microbial
hydrogen production by applying an electric current. Like
MEFCs, MECs are bioelectrochemical systems that utilize
exoelectrogenic bacteria to produce electricity; however,
instead of using oxygen as an electron acceptor, the cathode
is stored in an anaerobic environment where hydrogen can be
generated. Microalgae, however, may be poor candidates for
MECs due to their oxygen production (Logan et al., 2006;
Logan, 2008).

Harvesting, Separation, and Dewatering
of Microalgae Biomass

Algal biomass is considered valuable for biofuel produc-
tion; however, the growth of algae in suspension (0.02-
0.06% dry solids) poses considerable challenges in achieving
a cost-effective energy balance in algal process operations
(Uduman et al., 2010). By nature, microalgae are difficult to
remove from solution. Microalgae are smaller than 30 um
and have similar densities to water (Golueke and Oswald,
1965; Pahl et al., 2013). Healthy algae have negative surface
charges along their cell walls resulting in a stable suspension
(Vandamme et al., 2011). Cost-effective harvesting of mi-
croalgae is considered to be the most problematic area of
algal biofuel production and limits the commercial use of
algae (Uduman et al., 2010; Pahl et al., 2013). There are
many microalgae harvesting and dewatering techniques, each
with tradeoffs between efficiency and economic feasibility.
These techniques commonly include sedimentation, floccu-
lation, flotation, filtration, centrifugation, and a combination
of these methods. This section attempts to provide an over-
view of microalgal harvesting techniques and provide ad-
vantages and disadvantages for each method.

Sedimentation

Sedimentation is a process where gravitational forces
cause liquid or solid particles to separate from a liquid of a
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different density. Different microalgae have different settling
velocities; for common spherical microalgae (Chlorella),
settling velocity is calculated at 0.1 m/day (Edzwald, 1993).
Experimental studies found higher settling rates, but this is
not typical (Milledge and Heaven, 2013). Settling rates have
been shown to differ with light intensity, nutrient deficiency,
and cell age (Milledge and Heaven, 2013). Sedimentation is
not typically used for harvesting microalgae (Uduman et al.,
2010). Cell recovery (60-65%) and solid concentrations
(0.1-1.5% dry biomass) are low for this method. Energy
consumption; however, presents a strong argument for the
use of sedimentation. A review of harvesting microalgae
written by Milledge and Heaven (2013) recommends the
method as a preconcentration step for use with other har-
vesting techniques (Milledge and Heaven, 2013).

Flocculation

Flocculation is a process where algae cells group together
in flocs either spontaneously or due to the addition of a
flocculant. Increasing the size of particles through floccula-
tion can increase the rate of settling or flotation, which makes
flocculation a popular pretreatment step to other harvesting
methods (Brennan and Owende, 2010). Lime and multivalent
metal salts (e.g., ferric chloride, ferric sulfate, and aluminum
chloride) are commonly used in wastewater treatment to re-
move suspended solids. These salts have also been proven
effective for removing microalgae from wastewater (Papazi
et al., 2010). These inorganic flocculants; however, can have
negative effects on microalgal viability and change the
growth media which prevent reuse (Milledge and Heaven,
2013). Cationic polyelectrolytes are very effective for re-
covering microalgae. In addition to neutralizing the surface
charge on cells, the polymer can physically link one or more
cells through a process called bridging (Grima et al., 2003).
Research suggests that cationic polyelectrolytes can pro-
duce up to 35 times more biomass than metal salts with
lower doses (25mg/L) (Granados et al., 2012). Nonionic
polymers are also effective in recovering microalgae at low
concentrations (0.5-1mg/L) (Harith er al., 2009). Rather
than adding chemicals for flocculation, electrocoagulation—
flocculation can induce flocculation by producing the coag-
ulant through electrolytic oxidation of an anode, typically
iron or aluminum. Microorganisms living in consortium
with microalgae can prompt flocculation and produce bio-
flocculants. The bacterium Paenibacillus sp. AM49 has been
shown to produce a bioflocculant that is effective for har-
vesting Chlorella vulgaris (Oh et al., 2001). There is a wide
range of flocculants available for algae harvesting; however,
no single flocculation method is suitable for all microalgae
species and environments. One apparent advantage over
other harvesting methods is the low energy consumption.

Flotation

Flotation is a process that uses air bubbles to float micro-
algae to the surface. Flotation processes are categorized by
the method of bubble production. Dissolved air flotation
(DAF) is a process that involves the release of pressurized
water saturated with air into a flotation tank at atmospheric
pressure, which creates bubbles ranging from 10 to 100 pm.
This is the most preferred method of wastewater treatment
lagoons that harvest microalgal biomass. A study by Edzwald
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(1993), found that DAF in combination with chemical floc-
culation is more effective than sedimentation. A disadvan-
tage to using DAF is the high energy required to pressurize
the water. Dispersed air flotation, also called foam or froth
flotation, is a process where algae are floated in a reactor with
a high-speed mechanical agitator through which a constant
stream of air is passed. The resulting bubbles (~ 1 mm in
diameter) rise to the surface, carrying the algae cells, and
accumulate as foam. This process is highly dependent on
hydrophobic interactions and its effectiveness can be de-
pendent on microalgal species and growth media (Garg
etal.,2012).

Flotation, in combination with flocculation, is an effective
method for harvesting microalgae. Unlike sedimentation, the
process is quick and can remove 95% of algae in less than
20 min (Sharma et al., 2013). The process, however, can have
high operational costs due to the small bubbles required. A
review of flotation concluded that the costs of flotation can be
equal to or greater than centrifugation when calculating for
flocculants, surfactant, and energy costs (Benemann and
Oswald, 1996).

Filtration

Filtration is a highly efficient method for harvesting algae
and has been widely studied. When compared to centri-
fugation, filtration is considered a simpler and lower cost
alternative (Sharma er al., 2013). However, membrane fil-
tration can be costly for large-scale processes due to mem-
brane replacement, fouling, and pumping (Uduman et al.,
2010; Milledge and Heaven, 2013). Typically, microfiltration
(0.1-10 um pore size) is most suitable for harvesting algae,
although macrofiltration can be used for large or flocculated
cells (Milledge and Heaven, 2013). Rotary vacuum filters
and belt filters are widely used in the wastewater industry and
have been studied for use in harvesting microalgae. A study
by Mohn (1988) showed that large microalgae like Coelas-
trum can be filtered to 18% dry weight using a rotary vacuum
filter, but smaller microalgae cannot be effectively harvested
using belt or rotary vacuum filters (Mohn, 1988). Tangential
flow filtration seems promising and has been shown to help
with fouling problems, especially when combined with
flocculation; however, the process can still be energy inten-
sive (Danquah et al., 2009). Recently, forward osmosis (FO)
has emerged as an effective separation process for algae
biofuel production. The method consumes lower energy
compared to other filtration techniques by using osmotic
pressure created by an ionic strength gradient to drive the
process. The NASA OMEGA project and other studies have
suggested FO to be a cost-saving step in dewatering fresh-
water microalgae (Buckwalter ef al., 2013). Disadvantages of
FO include low flux rates (4L/ h'mfz) and the limitation to
freshwater cultivation.

Centrifugation

Centrifugation can rapidly and efficiently harvest algae
and is considered one of the most practical harvesting methods
(Sharma et al., 2013). Many sizes and types of centrifuges are
currently being used on an industrial scale. A disc stack cen-
trifuge is among the most common used in industry (Uduman
et al, 2010). Other centrifuge designs include the de-
canter, hydrocyclone, and spiral plate centrifuges (Milledge
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and Heaven, 2013). Spiral plate centrifuges are now being
considered one of the top designs for algae harvesting.

Drying

After harvesting, drying is needed for conventional
methods of energy extraction (>85% DW). Drying can be
energy intensive due to the high enthalpy of water; therefore,
it is preferable to use other dewatering methods (mentioned
above) before drying (Sharma et al., 2013). Common meth-
ods for drying microalgae are spray drying, drum drying,
freeze drying, and sun drying. Spray and freeze drying are
considered too costly for biofuel. Solar drying is the most
economical, but requires large areas of land.

Wet harvesting

Microalgae in suspension (~30% DW) can also be har-
vested using wet extraction techniques. Currently, direct wet
extraction of microalgae is not used on a large scale. How-
ever, several wet extraction methods show promising results
at the laboratory scale. Origin Oil has developed a process
called Quantum Fracturing where pulsed electromagnetic
fields fracture the algal cells and the resulting lipids float to
the surface, while the remaining biomass settles out. Super-
critical CO, has also been proven to extract lipids. Xu et al.
(2011) evaluated the energy balance of dry oil extraction
(dried algae) and wet oil extraction (in water phase) and
found that, while both consumed a significant amount of
energy, the dry route could be significantly improved by
utilizing waste heat from a nearby power plant. The study
found that the potential fossil energy ratio could reach 2.38
and 1.82 for the dry and wet route, respectively. Similarly,
hydrothermal or thermochemical liquefaction of algae bio-
mass has grain attention as a biofuel production method be-
cause of its ability to produce biofuel without the need for
feedstock drying (Shuping et al., 2010; Huang et al., 2011);
however, high energy is needed to reach the conditions
needed for the process (e.g., critical point of water is 647.3 K,
22.1 MPa) (Yuan et al., 2011).

Life Cycle Assessment and Economics
of Wastewater-Based Algal Biofuels

Life cycle assessment

Life cycle assessment (LCA) is a systems-based process of
assessing and calculating the human health, energy, and en-
vironmental burdens of those commodities from ‘‘cradle to
grave”’ and provides a method to (1) collect and manage
materials and energy information for a life cycle and (2)
assess the potential energy and environmental impacts of
materials and energy flows. LCA has become an extremely
useful and popular option to assess the environmental im-
pacts of emerging technologies (Kim and Dale, 2005;
Gnansounou et al., 2009; Cherubini and Strgmman, 2011;
Rodriguez et al., 2011; Lee et al., 2015).

To better assess the costs and benefits of commercializing
algal biofuels, one would need to evaluate their life cycle
sustainability. Due to the difficulty of assessing sustainability
using independent metrics, LCA is a favorable method
to systemically integrate these metrics to ultimately deter-
mine the energy and environmental impacts of algal biofuels.
Mu et al. (2014) surveyed the environmental impacts of
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wastewater-based algal biofuels as it is proposed to be a more
commercial sustainable option. Four nutrient sources were
examined: municipal wastewater influent to the activated
sludge process, centrate from the sludge drying process,
swine manure, and freshwater with synthetic fertilizers. Four
algae biofuel conversion technologies were considered: mi-
crowave pyrolysis, direct combustion, hydrothermal lique-
faction (HTL), and lipid extraction—altogether creating 16
unique production pathways. Impacts evaluated were fossil
fuel use, GHG emissions, eutrophication, and water use.
Overall, the results showed that wastewater-based algal biofuels
had lower environmental impacts than freshwater-based
fuels, depending on the characteristics of the wastewater
and the conversion technologies. Although both did not
generally perform better than petroleum diesel, the centrate
cultivation with the wet lipid pathway and the centrate
cultivation with the combustion pathway had lower im-
pacts across all impact categories compared to petroleum
diesel. Yang er al. (2011) specifically focused on the life
cycle of water and nutrient usage of biofuels from micro-
algae. They estimated that in the case of algal biodiesel
from freshwater, 3,726 kg of water is needed to produce
1 kg of biodiesel, if no water is recycled. Recycling water
can significantly reduce life cycle consumption of N, P,
potassium, magnesium, and sulfur. Furthermore, wastewater-
based biofuels can reduce nitrogen impacts by 94% and
does not require potassium, magnesium, and sulfur (Yang
etal.,2011).

Most LCA studies on algal biofuels have focused on
quantifying the global warming potential, net energy ratio,
and the energy return on investment. There have been several
LCA studies of microalgae biofuels (Batan et al., 2010;
Brentner et al., 2011; Campbell et al., 2011; Frank et al.,
2011, 2013; Shirvani et al., 2011; Vasudevan et al., 2012;
Grierson et al., 2013; Liu et al., 2013; Passell et al., 2013;
Sills et al., 2013; Adesanya et al., 2014; Azadi et al., 2014;
Collet et al., 2014; Handler et al., 2014; Ponnusamy et al.,
2014; Quinn et al., 2014; Soh et al., 2014; Woertz et al.,
2014). As with LCAs of emerging technologies and energy
systems, there is a large variability of results, mostly driven
by differences in productivity rates and technology pathways.
Furthermore, methodological differences, such as system
boundaries, core LCA assumptions, coproduct allocation
methods, energy mixes, and inventory data can all signifi-
cantly contribute to the variability of LCA results. The
majority of these studies have focused on traditional lipid
extraction systems, while others considered utilized ther-
mochemical conversion, secretion, or supercritical water
bio-oil recovery technologies (Quinn and Davis, 2015). A
compilation of these studies reported GHG emissions ranging
from —95.7 to 534 g/CO,-eq/MJ, all with a well-to-pump sys-
tem boundary (Quinn and Davis 2015). Studies surveying
thermochemical conversion, specifically HTL, showed GHG
emissions as low as —44 g/CO,-eq/MJ and as high as 33 g/CO,-
eq/MJ (Frank et al., 2013; Liu et al., 2013). The lowest result
among all studies was reported by Ponnusamy et al. (2014),
which considered a supercritical water technology for lipid
recovery. Most LCAs of biofuels exclude infrastructure from
their system boundaries. However, both Adesanya et al. (2014)
and Canter et al. (2014) studied the integration of facility
construction-related impacts, with the latter focusing solely on
infrastructure-associated emissions. Results from these studies
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showed that infrastructure can have significant impacts on
GHG emissions depending on yields.

A common theme behind almost all LCA studies is the
dominance of energy across all impact categories. This may
not be an issue at small scales, but with the goal of achieving
large-scale production, energy-related impacts can determine
the success or failure of algal biofuels of becoming sustain-
able. However, there is still work needed in harmonizing
LCA results of algal biofuels. Due to differences in produc-
tion pathways, assumptions, parameters, and data quality, the
consequence is a large variability of results, which makes it
difficult to compare results, given changing geographical or
technological conditions (Chiaramonti et al., 2015). Despite
these challenges, LCA 1is an effective decision-making tool
for developing solutions toward sustainable algal fuels.
Overall, LCA results indicate that algal biofuels, particularly
those utilizing wastewater, have a large potential to introduce
environmental benefits, especially given that biofuel sus-
tainability is a critical issue.

Economics

The economic feasibility of commercial algal biofuel
production is dependent on the large-scale productivity po-
tential of microalgae. The biggest barrier to commercializing
algal biofuels is the difficulty in replicating the productivity
potential for large-scale production. A significant advantage
of microalgae is the potential for high production rates rela-
tive to terrestrial feedstock. However, achieving this at a
large scale has proven to be challenging (Quinn et al., 2012).
Despite this difficulty, several studies have performed tech-
noeconomic feasibility studies to understand the economic
feasibility of various production pathways. These studies
have typically coupled engineering-based process modeling
with economic analysis to determine selling prices on a per-
gallon basis. A review of literature performed by Quinn and
Davis (2015) shows a low cost for production at $1.65/gallon
and a high cost of $33.16/gallon. This variability is caused by
differences in system boundaries, production pathways, and
temporal coverages. Sun et al. (2011) performed a harmo-
nization of results, resulting in a narrower range of $11.68—
$14.31/gallon. Differences between growth architectures
contribute to the economic feasibility as well. Open raceway
ponds (ORP) and PBRs are two major pathways. Studies that
have compared the costs between the two have concluded
that ORP is more economically feasible than PBR by more
than a factor of 2 (Davis et al., 2011; Richardson et al., 2012).
In addition to GHG emissions, Campbell et al. (2011) also
compared costs of algal biodiesel production to canola and
ULS diesel. The costs of feedstock production, transforma-
tion and distribution, capital, and excise were all considered,
for both a low production rate of 15 g/m*/day and high rate of
30 g/m?/day. The results showed that algal biodiesel cost
ranges from 2.2 to 4.8 cents/tkm (tonne-km). The lower cost
is by delivery of flue gas, while the higher cost is from CO,
delivery by truck. Canola and ULS diesel have costs of 4.2
and 3.8 cents/tkm, respectively.

Conclusions and Recommendations

Despite a lengthy list of benefits offered by algae-based
biofuel, full-scale implementation of algae as a bioenergy
source has been prohibitively expensive till date, especially
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when cultivated using artificial media (Lundquist et al.,
2010). Large energy inputs are required for algae cultivation
and harvesting; thus integration of algae production with
industrial processes like wastewater treatment and CO, uti-
lization from power plants are needed to distribute economic
costs (Fig. 1). Likewise, all valuable components of micro-
algae need to be utilized. Lipids and carbohydrates can be
used for biodiesel and bioethanol, respectively, and the re-
maining pigments, proteins, and vitamins can also be refined
into valuable products.

To become a mature technology, several research ques-
tions still need to be addressed (Sivakumar et al., 2012). (1)
More experience is required with the practicality and utility
of separating protein, lipid, and carbohydrate fractions from
one another; (2) novel and more cost-effective harvesting
technologies need to be developed, which show a high sep-
aration yield; (3) CO, capture from regional power plants
need to be considered or recycling CO, needs to be used
in the PBRs; and (4) pathogen or EC removal using algal
technology needs to be developed for integrated algal cul-
ture system. Nevertheless, advancements in microbiology,
chemistry, and environmental engineering, combined with
additional funding and research, should allow for rapid com-
mercialization of this new biofuel and wastewater treatment
technology. Although there is much more to be discovered,
current literature supports algae as a promising biofuel source
and effective wastewater treatment strategy.
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