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Chapter

Recent Advances in Algal Biomass
Production

Meghna Rajvanshi and Richard Sayre

Abstract

The promise of algae to address the renewable energy and green-product
production demands of the globe has yet to be realized. Over the past ten years,
however, there has been a substantial investment and interest in realizing the
potential of algae to meet these needs. Tremendous progress has been achieved. Ten
years ago, the price of gasoline produced from algal biomass was 20-fold greater
than it is today. Technoeconomic models indicate that algal biocrude produced in
an optimized cultivation, harvesting, and biomass conversion facility can achieve
economic parity with petroleum while reducing carbon-energy indices substantially
relative to petroleum-based fuels. There is also an emerging recognition that algal
carbon capture and sequestration as lipids may offer a viable alternative to direct
atmospheric CO, capture and sequestration. We review recent advances in basic and
applied algal biomass production from the perspectives of algal biology, cultivation,
harvesting, energy conversion, and sustainability. The prognosis is encouraging
but will require substantial integration and field testing of a variety of technology
platforms to down select the most economical and sustainable systems to address
the needs of the circular economy and atmospheric carbon mitigation.

Keywords: algae, biofuel, biomass, carbon sequestration, carbon index

1. Introduction

Over the last ten years (since 2010) there has been accelerated investment in
research for the development of commercially viable algal biomass and coproduct
production systems [1-5]. The challenge for algae biomass production systems
has been that unlike crop biomass production systems having thousands of years
of development history, algae until very recently were not the target of integrated
research and development (R&D) strategies focused on efficient production of
food, fuel, and coproducts [6]. Recent estimates indicate that there are globally
more than 150,000 species of single cell and multicellular algae having polyphyletic
origins, complex and diverse metabolic machinery, occupying vast environmental
niches with immense ranges of biotic and abiotic stress tolerance, and having
growth or biomass production rates that range over two magnitudes in yield com-
pared to traditional agricultural production [7]. The challenge for the industry has
been to identify the best algal production systems that are suitable for commercially
viable industrial applications. Beginning with algal biology much effort has focused
on identifying the best performing algal strains. The criteria for down-selecting the
best performing strains have included, identifying algae with the greatest biomass
production rates, optimizing algal growth media, CO, exchange and culture
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conditions, identifying algal strains that are the most resistant to pathogens and
herbivory (minimizing pond crashes), and developing strains having enhanced
performance characteristics through application of genetic engineering, breeding
and genome editing tools [6]. Research and development for improved biomass
production has also focused on developing enhanced cultivation, harvesting and
biomass conversion technologies with the objective to achieve the lowest carbon
emissions, recycle inorganic nutrients as efficiently as possible, minimize energy
inputs at each stage in production, and integrate the algal biomass production
systems into the existing energy infrastructure as seamlessly as possible.

In 2010, the US Department of Energy launched the largest government-funded
integrated algal biomass, biofuels and bioproducts program carried out to date. The
National Alliance for Advanced Biofuels and Bioproducts (NAABB) achieved notable
advances in reducing the cost of producing biomass and making biofuels from micro-
algae. In three years NAABB developed and modeled a pathway to move the price
point for producing a gallon gasoline equivalent (GGE) of fuel from microalgae from
$150 to $8 a GGE [1-3]. More recently, the price point for a GGE produced from algal
biomass has been reduced to < $5. Based on Reliance’s demonstration scale studies,
the technoeconomic modeling (TEM) for a 10 k barrels/ day (bpd) scale production
of crude oil from microalgae was estimated to be at 100$/ barrel without any subsidy.
The major factors contributing to the substantial cost reductions in producing fuel
from algal biomass included, the discovery and development of more robust, high
biomass producing algal strains for year-round consistent performance, identification
of the best geographies to produce algal biomass, advance pond designs and improved
culture mixing for effective light utilization, effective crop control methods that
prevent pond crash and biomass loss, innovative harvesting techniques and effective
water and nutrient recycling to maximize resource utilization. Also, advancements in
biomass to biocrude conversion technologies including continuous flow hydrothermal
liquefaction (HTL), the demonstration that algal biocrude coming from HTL could
be used as a direct feedstock in existing oil refineries to produce fuels with perfor-
mance characteristics similar to petroleum-based fuels, and the production of high
value coproducts to offset the cost of producing fuels.

Stepping back, however, there remain many critical considerations that must be
addressed if microalgal biomass is to be a commercial success in competition with
other biomass sources in the world where the carbon energy index (g CO, emitted/
kJ energy produced) and the environmental impacts of any biomass production
system must also be considered along with economics [6]. Beginning with first
principles it is critical to identify what the thermodynamically most efficient bio-
logical mechanisms are for producing algal biomass that also have the highest carbon
capture efficiency. Recent thermodynamic models suggest that the greatest energy
efficiency for carbon capture and biomass production is achieved in algae that utilize
light most efficiently and accumulate chemical energy in the form of carbohydrate
polymers, e.g., starch rather than those that store oils [8, 9]. Additionally, algae with
rapid division rates and/ or the ability to grow substantially in volume are likely to be
greater biomass producers [10]. While most algal biofuel programs have focused on
producing biomass from high lipid accumulating strains due to ease of conversion
of lipids into biocrude it is becoming apparent that algae accumulating starch as a
metabolic storage end product have the highest biomass production rates and ther-
modynamic efficiency [8-10]. While lipids have greater energy density and are more
readily converted into fuels, starches have a greater chemical energy density per
carbon per photon captured during photosynthesis [8]. One of the microalgal strains
achieving the highest known biomass yields in cultivation is Pseudoneochloris which
stores starch as an energy reserve, achieves high cell numbers at stationary phase of
growth, and can increase its cellular volume as it grows by greater than 100-fold [8].
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Cultivation systems are also a major cost factor in producing algal biomass. It is
generally recognized that to produce low value algal biomass open pond production
systems have the lowest capital and operating expenses and require less mainte-
nance (to prevent fouling) than closed bioreactor cultivation systems. However,
open pond systems require greater amounts of water to operate due to evaporation,
have higher energy costs associated with concentrating more dilute cultures, and
are more susceptible to contamination although biological contaminants in closed
bioreactors may be more difficult to eradicate.

Regardless of the constraints and challenges mentioned above and the neces-
sity to input higher capital investment in cultivation and downstream processing,
production of microalgae biomass still stands out advantageous on many fronts in
comparison to agriculture crops for food and fuel. Microalgae have high photosyn-
thetic efficiency and short division time, making them highly suitable candidates
for generating more biomass in less time. Growth rates of several microalgae have
been reported to be 5-10 times higher than agriculture crops [9]. Moreover, micro-
algae can grow on low economic and ecological value lands and can utilize marine,
brackish or fresh water for cultivation, depending on the species being used. CO,
from industrial exhaust can be used for cultivation and nutrients from waste
streams can be utilized for growth. Excess nutrients lost during harvesting process
can be recycled back in the cultivation system, ensuring minimal wastage and
maximum utilization [10, 11]. In contrast, agriculture depends on limited natural
resources, like arable land and fresh water, with fresh water consumption being
highest globally in agriculture. Over 80% of all water consumed globally is used for
agricultural production. Agriculture also needs extensive application of fertilizers
and pesticides to improve biomass productivity and prevent crop losses. However,
nitrogen utilization is inefficient in crop plants, resulting in ~50% of nitrogen loss
through leaching, soil erosion and gaseous evaporation [12]. Considering these
facts, use of agricultural crops to meet growing biomass demands for food and
energy will lead to land use change, environment pollution, loss of forest cover and
biodiversity. Thus, from environment standpoint algal cultivation is much favored
over traditional agriculture for feedstock production [12, 13].

Many microalgal species are good source of proteins, carbohydrates, lipids and
other high value bioactive molecules, such as enzymes, pigments and vitamins. By
altering the cultivation conditions or through metabolic engineering approaches,
composition of algae can be manipulated to accumulate the specific biomolecule(s)
of interest. Considering the higher growth rate and ability to accumulate high
lipid content (>30%), it is reported that microalgae can yield 58,700 L of oil/ ha
as opposed to 172 L/ha for corn, 446 L/ha for soybean, 1892 L/ha for Jatropha and
5950 L/ha for oil palm [14]. Thus, the projected ability to produce oil from algae
is ~10 times more compared to highest oil producing crop plant. Likewise, algae
biomass can be a potential feedstock for bioethanol production because of its
ability to accumulate starch even higher than 50% (w/w) of biomass under optimal
conditions. Absence of lignin in algal cell wall makes its processing easier compared
to lignocellulosic agricultural waste and woody biomass, where lignin removal is an
additional step before processing for bioethanol production [13]. Moreover, lack of
structural parts like leaves and roots in algae makes algal biomass more homogenous
and might be less energy intensive to process compared to crop plants [13]. Inan
estimate, net energy from sugarcane ethanol and bagasse was 143 GJ/ha/year as
opposed to 928 GJ/ha/year from microalgae, indicating microalgae to be signifi-
cantly more efficient feedstock [15]. Protein is another commercially important
component of algae biomass. Algae protein is comparable to other high-quality plant
and animal protein sources, however, protein yield from algae happen to be between
4 and 15 tons/ha/year, which is significantly higher than 0.6-1.2 tons/ha/year,
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reported for soybean [16]. Clearly, microalgae supersede traditional agriculture on
multiple aspects, however, biomass harvesting is an area which is well established in
case of crop plants but highly energy intensive in case of algae due to its small size
and low biomass density [10].

Regarding algal biomass harvesting systems the general objective has been to
develop algae harvesting and concentrating systems that have parasitic energy
consumption values of less than 10% of the total algal biomass energy content [6].
To reduce the costs of fuel production, recent efforts have focused on the direct
conversion of harvested algal biomass into separate fuel and coproduct fractions in
a continuous flow system while efficiently recycling water and nutrients. One of the
more promising technology developments in this sector has been the development
of two-stage HTL which allows for the separate recovery of coproducts and bio-
crude feedstock while recycling water and nutrients back to the pond thus avoid-
ing the energy intensive step of drying the algal biomass before biomass to fuel
conversion. The appropriate selection of what high value coproduct(s) to produce
from algal biomass is critical for economic viability when coproduct production
is coupled with fuel production. From this perspective the coproduct should have
sufficient value based on biomass yields to be economically sustainable without
saturating markets to the point of driving coproduct prices so low as to be economi-
cally untenable. As modeled by the US-DOE PACE algal biofuels consortium a fully
integrated algal cultivation, harvesting, co-product and fuel production system
with integrated water and nutrient recycling has the potential to recover over 60%
of the energy content of the algae as biocrude while producing valuable coproducts
that have a large global market demand (Figure1).

Optimizing algal biomass production and carbon sequestration also has the
potential to address the existential threat of global climate change associated with
greenhouse gas emissions. Currently, biological carbon capture and sequestration
(BCCS) is one of the more feasible means to remediate the earth’s atmosphere.

As a BCCS system, algae are particularly attractive not only for their high areal

Energy Flow Diagram
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Figure 1.

PACE consortium working model for the integrated co-production of biofuels and co-products (green chemicals,
polysaccharides (guar), and methane) from algae. Inorganic nutrients and wastewater ave vecycled. Algae are
preloaded with nutrients (nutrient pulse) and grown in minimal media to reduce weedy species competition
and continuously havvested at mid-log phase growth. HTL, hydrothermal liquefaction; CHG, catalytic
gasification.
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rates of carbon capture but also for their potential storage of carbon as lipids while
recycling inorganic nutrients and water [17]. While not generally considered as a
carbon sequestration material, lipids have several advantages over solid CO, asa
carbon sequestration material [17]. Triacylglycerol (CssHogOg) is 77% carbon by
mass and has a density of 0.91 g/cm’. In contrast, CO, is 27% carbon by mass and
as a solid has a density of 1.96 g/ cm’. Thus, lipids have a volumetric carbon density
that is 32% greater than solid CO,. Furthermore, being a liquid and not readily con-
vertible to a gas, the ability of lipids to escape from deep geological sequestration is
substantially less than CO, reducing potential long-term risk to aerobic organisms
[17]. Overall, algae have great potential to address simultaneously fuel, food, green
chemical, and environmental challenges.

In the following sections we will review recent advances in the sustainable
production of algal biomass and coproducts for fuels and economic competitiveness
with petroleum and non-algal coproduct production systems. Substantial achieve-
ments have been realized from an industry that has a truly short history compared
to other biomass production systems.

2. Algal strains

Substantial efforts have focused on the identification of algal strains having
maximum biomass yields under cultivation. Ideal biomass production strains must
not only have fast growth rates but also must be robust and tolerate well abiotic
(temperature, salinity, light) and biotic (pathogen, herbivore and weedy algae)
stress conditions to minimize pond crashes and downtime in algal cultivation. There
have been several large-scale algal surveys of wild algal species to identify those
strains that perform well in cultivation [18]. In addition, screening systems for iden-
tifying strains with elevated performance characteristics in high light environments
among others have led to some success in the identification of high performing algal
strains [19]. Given that there as many as 150,000 species of algae have been identi-
fied and that limited resources have been available to screen algae for high biomass
production, there remains a significant number of algae that remain to be assessed
for biomass productivity in select environments [7]. In addition, substantial poten-
tial to improve algal productivity may also be achieved in traditional and molecular
assisted breeding practices. Algae breeding efforts, except for laboratory strains
such as Chlamydomonas, have been limited, however. This is because the means
to induce gametogenesis to identify sexual mating types in most algae is not well
understood. If the increased yield achieved through plant breeding are to serve as
a prognosticator of the potential to enhance algal productivity it can be anticipated
that algal breeding programs may enhance yields in the field by as much as ten-fold.

2.1 Modulating cultivation conditions to impact oil and carbohydrate yields

Given the fast rates of cell division and the absence of dedicated higher-order
cellular structures including tissue and organs it is not unexpected that microalgae
have an enhanced capability to metabolically remodel cellular functions under
different growth conditions. Algae frequently live boom and busts cycles in the
nutrient deserts of lakes and the open oceans. Thus, it is imperative that algae
have flexible metabolic systems to survive in unpredictable and ever-changing
environments and be unencumbered by programmed cell fates associated with the
differentiation and organization of cells into higher order tissues and organs.

One of the manifestations of this metabolic flexibility is the ability to shift
the biochemistry of the major cellular energy storage products from low energy
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density carbohydrates to high energy density hydrocarbons including triacylglyc-
erol (TAG) and/ or polyterpenoids [20]. The metabolic shift from carbohydrate

to hydrocarbon accumulation is typically induced by nutrient depravation. Upon
shifting from a nitrogen-, sulfur- and/ or micronutrient-rich condition to a nutrient
poor condition many algae will facultatively shift the metabolism of energy stor-
age product accumulation from carbohydrates (starch) to hydrocarbons [21-25].
Hydrocarbons have more than 60% the energy density per fixed carbon of carbo-
hydrates. Importantly, the facultative shift to hydrocarbon production allows algae
to continue to generate and utilize reducing energy generated by the photosynthetic
apparatus. Significantly, the accumulation of triacylglcerols may not only involve
de novo synthesis but the remodeling of existing chloroplast membrane lipids

into more fully reduced TAGs [26-29]. Given the desirability of hydrocarbons as a
feedstock for biocrude production the ability to shift metabolism from carbohydrate
to hydrocarbon production has been exploited to produce hydrocarbon rich biofuel
feedstocks. The challenges with this strategy (nutrient deprivation) for facultative
hydrocarbon production is that it can also lead to reduced rates of cell division and
overall biomass accumulation. In a comprehensive empirical analysis of the impact
of nitrogen deprivation on cell division rates, TAG accumulation, lipid remodeling,
biomass accumulation and total caloric or biochemical energy accumulation in the
green alga, Chlorella sorokiniana, it was demonstrated that upon shifting algae to a
nitrogen-free growth medium there was a substantial increase in TAG accumulation
and a redistribution of total cellular fatty acid profile to more energy dense satu-
rated fatty acids [30]. Under the two-week nitrogen deprivation period employed in
this study there was no statistically significant reduction in the rates of cell division
or biomass (dry weight) accumulation. However, during the nutrient deprivation
period the total chemical energy accumulated in biomass increased by greater than
60% associated with a 20-fold increase in TAG content. It is perhaps surprising that
the two-week nitrogen deprivation period did not impair cell division and biomass
accumulation suggesting that the alga had the capability to sequester nutrients and/
or catabolize and remodel existing nitrogen rich (proteins) molecules [30]. Not all
algal species, however, exhibit similar responses to nutrient deprivation. For many
algal species growth rates and biomass accumulation are substantially impaired
during nutrient deprived growth conditions [31-33].

An additional practical application of nutrient deprivation for oil production is
that growth in nutrient depleted media may reduce competition from weedy algal
species [34]. This observation has led to the application of nutrient pulse technol-
ogy to simultaneously induce oil accumulation during nutrient stress and inhibit the
growth of weedy algal species. Under ideal growth conditions the limiting nutrients
are withheld until there is an impairment in growth. At this transition point a pulse
of the limiting nutrient is added to the growth media to support continued high
growth rates [34]. Overall, the ability to induce oil production if managed well
can lead to sustained high growth rates while enhancing the energy density of the
biomass and the increased accumulation of biofuel feedstocks such as TAGs.

3. Genetic enhancement

Given the aforementioned challenges to breed wild algal strains for improved
yield performance traits and the fact that substantial progress has been made in
algal genomics and the development of robust genetic transformation systems
substantial research efforts have focused on engineering microalgae with improved
biomass performance traits. Most algal genetic engineering efforts have focused
on the manipulation of metabolic pathways for increased biomass and coproduct
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production. The production and accumulation of biomass can be broadly divided
into four phases known as source (push), sink (pull), storage (accumulate) and
turnover (metabolism). Providing an over-riding template on this simplistic model
of biomass accumulation is the genetic and developmental control of cell size and
cell division or replication rates. Source strength is effectively the primary photo-
synthetic processes associated with light conversion into chemical energy and the
fixation of carbon dioxide into storage products. Sink strength refers to the impact
of downstream metabolic processes on biomass accumulation including metabolic
feedback control of carbon flux from photosynthesis to production of carbon
storage products. The carbon storage products must also be compartmentalized

in the cell to support night-time respiration and biomass accumulation. In algae,
starch is first primary carbon storage product and is stored in plastids. Algae may
also accumulate high energy density hydrocarbons including triacylglycerols or oils.
Oil is stored in specialized droplets packaged by outer membranes having surface
displayed amphipathic proteins or oil droplet proteins. The extent of accumulation
of these storage compartments can be regulated at the level of gene expression

and thus is the subject of genetic manipulation impacting overall product yields.
However, algal cell division rates and control of cell volume are among the more
important determinants of algal biomass production. While many single celled
algae have fixed cell volumes that determine the timing of cytokinesis some single
celled algae are capable of over 100-fold increases in cell volume as they grow while
having variable rates of cell division [35, 36].

In the following paragraphs we focus on progress that has been made at the
molecular level to engineer or breed algae with enhanced source and sink strength,
increased storage product accumulation, and accelerated cell division rates leading
to enhanced yields. As is evident from the success achieved to date two- to five-fold
increases in the rate of biomass production and yields are feasible.

3.1 Alterations in source strength

The efficiency of solar energy conversion into chemical energy stored in biomass
by plants and algae ranges from 3 to 5% of available solar energy. Theoretically,
efficiencies as high as 11% for conversion of solar energy into the chemical energy
in biomass can be achieved utilizing just the photosynthetically active radiation
(400-700 nm) in the solar spectrum. Maximum efficiencies of energy conversion as
high as 30% can be achieved using just red light (~650-700 nm) which is most effi-
ciently harvested by the photosynthetic pigments [8, 37, 38]. Thus, it is conceivable
that 2- to 4- fold increases in biomass yields are feasible through improvements in
photosynthetic efficiency. It has long been recognized that the greatest potential for
increasing photosynthetic efficiency is through enhanced light use efficiency by the
photosynthetic apparatus (Figure 2) [39-41]. During photosynthesis, light satu-
rates in all plants and algae at approximately one quarter of full sunlight intensity
[38, 41]. Thus 75% of the energy captured by the photosynthetic pigments does no
productive work leading to biomass production. Since the excess energy captured
by the photosynthetic pigments does not drive electron transfer and carbon fixation
processes it must dissipate through non-productive energy emission and/ or energy
conversion pathways (heat, fluorescence, production of reactive oxygen species
(ROS)) some of which (ROS) can lead to substantial damage to the photosynthetic
apparatus further reducing biomass yields [42].

One approach to deal with the challenge of excess light absorption by the
photosynthetic apparatus has been to reduce the optical cross section of the
light-harvesting antenna complex to better couple the rate of light capture with
rate-limiting electron transfer processes, i.e., plastohydroquinone oxidation by the
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Figure 2.

Organization of the peripheral light harvesting antenna complexes adjacent to the dimeric photosystem II
reaction center in plants and green algae. Chlamydomonas transgenics having chlorophyll a/b vatios of 5 have
lost the equivalent of one peripheral light-harvesting complex II trimer (LHC trimer). Figure modified from
Dr. Jun Minagawa.

cytochrome b6f complex and the development of an electron transport limiting
trans-thylakoidal pH gradient [43, 44]. Various strategies have been developed to
reduce the size of the light harvesting complex ranging from reducing the expres-
sion of the light harvesting complex proteins to targeted reductions in specific light
harvesting pigment content often resulting in pleiotropic effects that indirectly
affect photosynthetic efficiencies both negatively and positively [41, 45, 46].
Through the analysis of algae having a range in reduction in the light harvesting
antenna size it has been empirically determined that the loss of approximately

one third of the light harvesting apparatus (LHC2) results in maximum increases
in photosynthetic efficiency of 20-30% and increases in biomass yield (40%
greater) in both plants and green algae grown under outdoor cultivation conditions
(Figure 2) [41, 45, 46]. A range in reductions of light harvesting antenna size were
achieved by differential expression of the chlorophyllide a oxygenase gene (CAO)
which produces chlorophyll b (Chl b). Chl b is present only in the light harvesting
antenna complex proteins and not the photosynthetic reaction center. Since Chl b
stabilizes the Chl a/b binding proteins, its reduction results in a corresponding loss
in light harvesting antenna pigment-protein complexes. Significantly, a Chla/ b
ratio of 5 has been demonstrated both in plants and green algae to be optimal for
achieving the greatest photosynthetic efficiency for plants and algae having altered
light harvesting antenna sizes when grown at full sunlight intensity. Lesser or
greater reductions in pigment (Chl b) content result in less than optimal photosyn-
thetic performance due to indirect effects of Chl b reductions on the abundance of
select light harvesting pigment-protein complexes, alterations in membrane archi-
tecture, reductions in energy transfer processes between the two photosystems, and
increased susceptibility to photoinhibition [47, 48].

In nature, however, light intensities vary substantially over the course of the
day, with depth in the canopy architecture or algal pond, and seasonally [48].
Theoretically, a light-harvesting apparatus that could be continuously adjusted in
size to respond positively to differing light regimes would facilitate greater light
use efficiency in dynamic light environments [47]. Recently, Negi et al. (2020)
described a strategy for the continuous (daily) adjustment of the light-harvesting
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antenna size in response to light intensity shifts in the green alga Chlamydomonas
reinhardtii [47]. This dynamic antenna size regulation system is based on light
regulated post transcriptional control of CAO activity. Protochlorophyllide a oxy-
genase (CAO) catalyzes the synthesis of Chl b which is found only in the peripheral,
nuclear-encoded light-harvesting pigment-protein complexes. Light intensity-
dependent regulation of the light-harvesting complex size was achieved using as

a host a CAO minus mutant which had been engineered to express a gene fusion
product between the 5 light regulated element (LRE) and the CAO gene [46]. A
light regulated translational repressor, NAB1, binds to the LRE element and at high
light represses translation of the modified CAO transcript reducing Chl b synthesis
and decreasing the light harvesting antenna size. In low light such as occurs in dense
cultures CAO translational repression by the NAB1 protein is reduced resulting in
increased Chl b levels and increased light harvesting antenna size. Significantly,
when the LRE-CAO transgenics were grown as monocultures under conditions
mimicking those of a commercial production pond the transgenics had biomass
yields that were more than two-fold higher than their wild-type parental strains.
These are the greatest increases in biomass yield observed to date for algae engi-
neered for improved photosynthetic efficiency.

Significantly, additional enhancements in photosynthetic rate are feasible in
algae with optimized light harvesting antenna sizes. When the LRE-CAO transgen-
ics were exposed to elevated bicarbonate concentrations there was an additional
20% increase in photosynthetic rates indicating that improvements in downstream
carbon fixation processes could further enhance photosynthetic efficiency and
biomass yield [46]. Obviously, elevated chloroplast CO, concentrations could
potentially suppress RubisCO oxygenase activity and photorespiration [49].

In addition to targeting single gene traits to enhance biomass productivity,
engineering strategies based on altering the expression of master growth regulatory
genes in algae has proven fruitful for increasing biomass yields. In Chlamydomonas
reinhardtii, the blue light photoreceptor phototropin (Phot) plays a vital role in
progression of the sexual life cycle [50, 51], the control of the eye spot size and light
sensitivity and in the control of blue-light mediated changes in the expression of
genes involved in the synthesis of chlorophylls, carotenoids, chlorophyll binding
proteins [52]. Thus, it was anticipated that Phot expression could potentially play a
role in regulating photosynthesis and biomass productivity. Negi et al., tested this
hypothesis as well as identified downstream genes in the Phot regulatory pathway
that were known to be master regulators of carbohydrate metabolism in plants
including analogues of the Arabidopsis KIN10 and KIN11 genes [53].

Based on a comparison of the photosynthetic attributes of two independent Phot
mutants to their independent parental strains Negi et al., [50] demonstrated that
the Chl a/b ratios were significantly greater in Phot mutants (2.9) than in wild type
(2.0) grown at low light indicative of a smaller light harvesting antenna size in Phot
mutants. When grown at high light intensities there was a further reduction in Chl
a/bratio (3.4) in Phot mutants indicating an ability to reduce the size of the light
harvesting antenna grown resulting in increased light use efficiency [50]. The net
result was that for Phot mutants photosynthetic rates were light-saturated at inten-
sities 3-fold greater than for wild-type cells resulting in substantially accelerated
cell division rates and biomass accumulation. RNAseq experiments indicated that
these increases in productivity in Phot mutants were associated alterations in the
patterns of expression for genes encoding enzymes involved photosynthesis, carbon
metabolism, and those controlling cell division rates. Phot mutants had a 2- to
5-fold increase in the expression levels of multiple rate-limiting enzymes including;
the Rieske Fe-S protein, ribulose-1,5-bisphosphate carboxylase/oxygenase, sedo-
heptulose 1,7 bisphosphatase glyceraldehyde-3- phosphate dehydrogenase, carbonic
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anhydrase, ADP glucose pyrophosphorylase, starch synthase, and genes involved
in respiration and fatty acid biosynthesis. Additionally, genes involved in cell cycle
control including; NIMA (never in mitosis), NEK2, NEK6 (NIMA related kinases),
RCC1 (regulator of chromosome condensation, cyclin and cyclin-dependent kinases
(CDK): Cyclin-dependent kinases, and MAT3 a homolog of retinoblastoma protein
(MAT3/RB) were upregulated 2-15-fold in Phot mutants relative to their parental
wild-type strains. The net result of this global alteration in gene expression was a
two-fold increase in biomass productivity in Phot mutants relative to wild type [50].
Additional improvements in photosynthetic efficiencies have also been achieved
by reducing apparent rate limitations in the Calvin—-Benson-Bassham cycle
(CBBC). Previous studies have demonstrated that the CBBC enzymes, fructose
1,6-bisphosphate aldolase (aldolase), sedoheptulosel,7-bisphosphatase (SBPase),
and transketolase (TK), have the highest metabolic flux control coefficient values
(maximum 0.55, 0.75, and 1.0, respectively) of any CBBC enzymes and thus have
been targets for metabolic engineering to enhance carbon flux and accumulation
in engineered plants and algae [54, 55]. Overexpression of the cyanobacterial dual
functional fructose 1,6—/sedoheptulose 1,7-bisphosphatase (FBP/SBPase) and/ or
plant SBPase was shown to significantly increase photosynthetic rates and growth
in transgenic plants or algae [55, 56]. Similar to plants, mutagenesis studies in algae
have demonstrated that hexokinase globally regulates genes involved in photosyn-
thesis and hydrocarbon production and similar to Phot mutants can be manipulated
to control biomass accumulation [57]. Thus, substantial gains in biomass productiv-
ity are feasible through targeted manipulations in both the light reactions and dark
(CBBC) reactions of photosynthesis.

3.2 Alterations in carbon sink strength

Given the primary role of starch metabolism as carbon reserve and an interme-
diate in the production of hydrocarbons it is not unanticipated that alterations in
starch metabolism may impact hydrocarbon and biomass yields [58]. For example,
Chlamydomonas sta6 [ ADP-glucose pyrophosphorylase] and sta7-10 [isoamylase]
mutants having reduced capacity to synthesize starch had substantial increases in
lipid accumulation during nitrogen deprivation relative to the wild-type controls
but suppressed total biomass accumulation [58]. In addition, suppression of starch
metabolism has been shown to impair upstream CBBC activity resulting in the dis-
sipation of excess photosynthetically produced electrons through non-productive
reduction of oxygen [54]. These results point to the central role of starch metabo-
lism and accumulation in overall cellular homeostasis and biomass accumulation
in algae and its impact on the thermodynamic efficiency of light energy conversion
into chemical energy (biomass) [8, 58]. It has been estimated that carbohydrate
metabolism can accounts for as great as 20% reductions in thermodynamic
efficiency of photosynthesis [39]. These efficiencies can be further reduced by
partitioning carbon into hydrocarbon storage products instead of starch. This is due
to the central role of pyruvate (3C) metabolism in hydrocarbon (lipids, terpenes,
and waxes) production. The production of acetyl CoA (2C) via the decarboxylation
of pyruvate for hydrocarbon production results in the loss of 1/3 of the previously
fixed carbon. In contrast, starch production from photosynthetically derived sugars
has no associated decarboxylation steps. Hydrocarbons, however, have nearly twice
the energy density of carbohydrates due to their more reduced state. Modeling stud-
ies indicate that the production of carbohydrates using solar photons is potentially
10-20% more efficient for solar energy conversion than hydrocarbon production
[8]. Furthermore, the kinetics of lipid production are substantially slower than
starch synthesis. Thus, algae that primarily store starch may accumulate biomass
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faster than algae that store hydrocarbons as energy reserves. The ecological down-
side of starch storage, however, is that starch has high volumetric density (1.56 g/
cm’) while lipids have a density of 0.91 g/cm’ or less than that of water. Thus,

algae that store starch must invest energy in motility devices and associated energy
expenditures to avoid sinking to depths where light availability may be limiting for
photosynthetic growth. It might then be predicted that algae that store starch, e.g.,
Chlamydomonas, predominantly inhabit soil environments that provide physical
support whereas lipid accumulating algae, e.g., Nanochloropsis, tend to occupy
aquatic environments where they are less dense or near the density of water and can
remain at levels in the water column where light is not limiting for photosynthesis.
To date, the relative energetic costs needed to support motility in starch accumula-
tors versus lipid accumulators remains to be assessed.

3.3 Product storage and metabolism

Following the metabolic engineering paradigm for increasing product yield, i.e.,
push, pull, sequester and block storage product turnover, less attention has been
directed towards the metabolic engineering of storage and product turnover in
microalgae. As stated previously, energy reserves in algae fall into two classes, car-
bohydrates, and lipids. The genetic manipulation of starch accumulation in algae has
received much attention. The chloroplast is the site of starch synthesis and storage in
plants and algae. In contrast to plant cells, however, microalgae typically have only a
single chloroplast per cell since chloroplast division must be synchronized with cell
division to ensure that each progeny has a chloroplast [59]. Thus, there is no differenti-
ation of plastids in single-celled microalgae into specialized starch storing amyloplasts
as occurs in plants. As a result, increasing starch storage sites is not a viable strategy
for increasing starch accumulation. Starch accumulation in a plastid can be genetically
manipulated, however. Structurally, starch is composed of two types of glucose poly-
mers, amylose and amylopectin, that differ in their degree of branching. The glucose
density of starch granules and their size is controlled by the levels of starch branching
and debranching enzyme activities. Genetic manipulations of enzymes controlling
starch branching has been shown to substantially impact biomass production [58].

Enhanced lipid storage in microalgae has been achieved by over-expression of
enzymes implicated in fatty acid and TAG biosynthesis [60-63], or by repression
of lipid catabolism [62, 63]. Additionally, genetic manipulations to decrease starch
accumulation also leads to substantial increases in storage lipid accumulation per
cell. A C. reinhardtii mutant blocked in starch accumulation nearly doubled the
amount of lipids accumulated under nitrogen deprivation relative to the control
strain, indicating that TAG can act as an alternate sink for excess carbon and photo-
synthetic reducing equivalents [62]. High energy dense hydrocarbons are primarily
stored as TAGs in microalgae and contained in membrane bound lipid droplets.
Lipid droplet size and numbers are regulated in part by the production of lipid
droplet proteins which are present in the membranes surrounding lipid droplets.
Reductions in the expression of major lipid droplet proteins using RNA silencing
techniques has been shown to significantly decrease the size of lipid droplets [63].
However, genetic manipulations to increase TAG accumulation by enhancing lipid
droplet protein production to our knowledge has not been reported to date. Overall,
genetic manipulation of genes controlling select aspects of source, sink, storage,
metabolism, and cell growth rates have all proven to enhance biomass yields.
Integration of multiple aspects of carbon metabolism, storage and growth leading
to enhanced biomass yields have been achieved by alterations in mastery regulatory
genes. But much remains to be characterized to achieve maximum thermodynamic
efficiency for conversion of photons to the chemical energy of biomass.
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4, Cultivation

Cultivation is a vital starting point in algae biomass production and hence
choice of production site, strain and cultivation system are very crucial in attaining
high biomass productivity. In addition, seasonal influence, crop losses, harvesting
processes and nutrient and water recycling are some of the primary governing fac-
tors influencing biomass yield and production economics (Figure 3). The following
section will cover the recent advances in some of the key areas mentioned above.

4.1 Criteria for siting production facilities

First and critical aspect in establishing successful algae cultivation facility
is selection of suitable cultivation site. Site selection is quite a complex task and
involves considerable attention on terrain, land costs, sunlight availability, seasonal
temperatures, proximity to CO, and water sources, well-connected transport
system, power supply etc. Economical, non-arable flat land with constructible
soil is needed for raceway pond installation. Availability of adequate acreage is
also an important criterion, as algal cultivation facility should be of scale where
production of algae meets economics [64]. Another very important aspect in algal
cultivation is availability of enough sunlight. Therefore, it is important to select a
geographic location, which is less prone to seasonal variations, receives less rainfall
and is climatically suitable to the strain being cultivated. For example, low altitude
regions having warm climate and average solar radiation availability for 250 h/
month are considered as good sites climatically [65]. CO, is regarded as free of cost,
but its transportation can add substantial cost to the algae production if the CO,
generation facility is far from the cultivation site [66]. Water availability is another
important criterion. Proximity to sea in case of marine microalgae cultivation and
assessment of water scarcity footprint in the region in case of fresh water algae
cultivation is essential while selecting a site [67]. Various site selection models that
consider parameters, such as soil properties, water availability, growth rate, infra-
structure proximity etc. have been reported for identification of a suitable site for
algae cultivation [68, 69]. These models can serve as useful tools for algae produc-
tion site selection.

4.2 Seasonal challenges for biomass yield

Microalgal outdoor cultivation is subjected to diurnal and seasonal variations in
temperature, solar irradiance, photoperiod and humidity, which in turn affect phys-
iological responses and biomass yield. For instance, light is essential for photosyn-
thesis, but excess light leads to photoinhibition, oxidative stress, damage of proteins
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Figure 3.
Factors affecting algae biomass production.
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involved in electron transfer and in turn affects CO, fixation in photosynthesis and
biomass yield. Similarly, low light also reduces photosynthetic efficiency and thus
biomass yield [70]. O, buildup in culture, which increases from morning till noon
also can inhibit growth if O, concentration is more than 20 mg/L [71]. Temperature
is another important factor, which is affected by light intensity, photoperiod and
season. Optimal growth temperature for majority of algal strains lies between 20
and 25°C. However, temperatures above 35°C increases photorespiration, affects
nutrient availability, increases the concentration of NHj in the medium, decreases
CO; solubility and increases evaporation losses leading to salinity variations

[71, 72]. The impact of these environmental variations is significant on biomass
productivity but there are very few reports on quantification of effects of seasonal
variations on algae biomass productivities in large scale production systems. For
instance, growth performance of Scenedesmus obtusiusculus was studied in airlift
extended loop photobioreactor operated in outdoor conditions. Yearlong study
revealed that biomass productivity was maximum during spring (0.29 g/L/d) where
irradiance (2035 pmol/m?/s) and temperature (11-47°C) were highest, followed

by autumn (0.22 g/L/d), summer (0.21 g/L/d) and winter (0.19 g/L/d). However,
biomass productivity was much higher (0.97 g/L/d)under optimum laboratory
conditions [73]. In another study, Scenedesmus sp. cultivated in outdoor pilot scale
raceway ponds for waste water treatment resulted in biomass productivities, which
ranged from 4 + 0 g/m*/d in December when average temperature was 13°C and
irradiance was 300 + 157 w/m” and 17 + 1 g/m*/d in July when average temperature
was 23°C and irradiance was 468 + 292 w/m” [74]. In another study, five microalgal
sp. namely, Chlorella vulgaris, Botryococcus braunii, Chlamydomonas veinhardtii,
Euglena gracilis and Nannochloropsis oculata were evaluated in open bioreactors with
30 L capacity in green house conditions. Experiments were conducted from March
to April, June to July and Oct to Nov to evaluate growth response of these micro-
algae with seasonal variations. C. vulgaris, B. braunii resulted in highest growth
during month of March and April when average temperature was 28.5°C and
irradiance was 15.9 MJ/m”/d. Whereas, C. reinhardtii and N. oculata grew best in
the month of June when average temperature was 36.1°C and irradiance was 6.6 MJ/
m’/d. while, E. gracilis grew comparably during March and June months. In general
growth response was low for all five microalgae tested during the month of Oct and
Nov, when both temperature and irradiance were low [75].

It is clear from these studies that seasonal variations play significant role in
microalgal biomass production and it is important to note that the effect of the
environmental changes is strain specific. As complete control of abiotic factors is
not possible at large scale outdoor cultivation complete, careful strains selection
and adoption of right cultivation practices ensuring effective light and nutrient
utilization can help in tackling the seasonal variability to some extent.

4.3 Recycling nutrients

Optimal microalgal growth relies on continuous and adequate supply of nutri-
ents (nitrogen, phosphorous, carbon, potassium, trace elements and water) and
sunlight. Nutrient input can be in the form of fertilizer and waste-water streams.
Nutrient supply in the form of fertilizers can incur significant cost to the cultivation
and is also a competition to fertilizer for agriculture [65]. Therefore, it is important
to minimize nutrient losses during cultivation. One way is through stoichiometri-
cally balanced nutrient management to minimize nutrient losses during cultivation
[76] and other ways are by recycling of spent medium (water recycle) and nutrient
recycling post biomass conversion process.
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4.3.1 Water recycling

During growth not, all the nutrients are used completely, and these unused
nutrients will be lost if the water is not recycled post harvesting. Water recycling is
important not just for nutrient recycling but also from an economics perspective.
Water reuse reduces the need to acquire new water for cultivation, thus reducing
the water foot print for cultivation and lowering energy usage in pumping water
from source to site [77]. There is a finite possibility that water recycling can affect
subsequent growth performance of the algae if the recycled water quality does
not meet required standards. Primary factors influencing recycled water quality
can be increased salinity of the water, use of chemical based harvesting system,
accumulation of extracellular metabolites (protein, carbohydrate, fatty acids,
nitrogen rich small organic molecules, cell wall debris and other particulate matter)
which may be directly inhibit algal growth or increase the dissolved organic car-
bon (DOC) leading to increased bacterial load and gradual accumulation of toxic
metabolites [77-79]. However, multiple studies, both at small and large scale have
successfully demonstrated recycling of water without negatively affecting algal
growth. Recycled water obtained after electro-flocculant, bio-flocculant, nanno-
chitosan, filtration, and centrifugation based harvesting methods had shown no
negative effect on the growth of tested algal species [80-84]. Flocculation-based
methods have been predicted to be better for water recycling than other methods
because they do not lyse the cells and help in reducing dissolved organic matter
during harvesting [78]. Farooq et al. (2015) compared chemical flocculation (FeCl;
or alum) of Chlorella vulgaris against centrifugation and showed that recycled
media obtained after centrifugation or flocculation with FeCl; had positive effect
on growth and lipid productivity. However, recycled medium obtained through
treatment with alum even in low dose (<5 ppm) inhibited the growth of C. vulgaris
due to the toxic effect of residual Al in the recycled water [85]. Similar results were
obtained in case of Scenedesmus sp., where growth was affected in recycled medium,
when alum (1 mM) was used to harvest the cells [84]. Likewise, in another study
strain dependent growth inhibition was observed due to accumulated DOC in
recycled water. Growth of Navicula sp. and Chlorella sp. were comparable to fresh
medium, while growth of Staurosira sp. was completely inhibited in reused medium
[79]. It is important to note that stage at which the culture is harvested also affects
DOC concentration. Water recycled from exponentially growing cells was found
to be more supportive of growth than cells in late log phase or stationary phase,
conditions that lead to the maximum accumulation of growth inhibitory substances
secreted by algae. As DOC accumulation is more during late log and stationary
phases due to the release of secondary metabolites into extracellular space, it is
better to avoid recycling water from cultures harvested from these phases [78].
Pretreatment of water before recycling can be considered to improve water quality
for long term cultivation with recycled medium. Filtration, high speed centrifu-
gation and sterilization methods have been studied for pretreatment, but their
commercial scale application is questionable [77]. In one study, activated carbon
was used to process recycled medium to remove humic and fulvic acid like growth
inhibitors. This step moderately improved growth of Nannochloropsis oceanica in
recycled water [86]. Recently, advanced oxidation process has been evaluated for
pretreatment of recycled water. It was observed that UV/peroxydisulfate and UV/
H,0, processes are quite effective in addressing organic matter load in the water.
Oxidation method could degrade and converts inhibitory substances into nutrient
source for algal growth. This method helps in utilization of DOC in recycled water
rather than its removal [87].
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Thus, recycling of spent medium is commercially viable and practically feasible
option, which not only helps in saving loss of unused nutrients but also reduces the
overall nutrient input.

4.3.2 Nutrient recycling from HTL aqueous phase

Hydrothermal liquification (HTL) is a potential technology to convert wet algal
biomass into bio-oil with biochar and aqueous phase (AP) as byproducts. AP is sub-
stantial portion because high moisture containing (~10-20% algal slurry) biomass
is used as feedstock in HTL [88]. AP is nutritionally rich, containing organic carbon
as short chain organic acids, like acetic and propionic acid, nitrogen as NH,", nitrate
and other nitrogen containing compounds, phosphorous as orthrophosphates and
other macro and micro nutrients [89]. This makes AP a potential nutrients source
for microalgae when recycled back into cultivation, which are otherwise lost. It is
also reported that even harmful algal blooms are also good feedstock for HTL and
AP produced is promising nutrient source for microalgae cultivation [90]. AP also
has growth inhibitory compounds like phenols, amides, pyrazines, indole, metal
ions like Ni etc., which either must be removed or diluted to the extent that they
are no more growth inhibitory [89, 91]. Composition of AP is quite variable and
depends on algal feedstock used for HTL, processing parameters, biomass loading
and use of AP separation method from bio-oil. For instance, high protein content in
feedstock leads to higher organic carbon and nitrogen content in AP [92]. Likewise,
increasing resident time in HTL process also has shown to result in increased total
nitrogen in the AP. Since, the concentration of nutrients and toxic compounds is
often high in AP, substantial dilution of AP is needed to bring concentration of
nutrients in the usable range and dilute growth inhibitory toxic elements. There are
multiple studies reported where AP is used as sole nutrient source for algal cultiva-
tion or a supplement with systematic heavy dilutions made either with water or
combination of water and standard nutrient medium. Outcome of these studies is
quite variable and was dependent on AP composition and strain being used for cul-
tivation. When AP was used as sole nutrient source, growth of the tested algae was
relatively compromised. For instance, AP obtained from Spirulina HTL was used
as sole nutrient source for cultivating Chlorella minutissima, where AP consisted
~16,200 mg/L N and 795 mg/L P along with other nutrients. Biomass productivity
obtained was 0.035 g/L/d at 0.2% AP (500X dilution), which was significantly less
than BG11 control, having 0.07 g/L/d productivity [91]. Likewise, APs obtained
from HTL of Chlorella vulgaris, Scenedesmus dimorphous or Spirulina platensis as
feedstocks were also evaluated as sole nutrient source at various dilutions to grow
these stains. Growth of Chlorella and Scenedesmus was less in comparison to stan-
dard medium even at 400X dilution, however, Spirulina showed comparable growth
in AP and standard medium [93]. Alba et al. (2013), presented comparative account
of AP diluted with water versus standard medium for cultivation of Desmodesmus
sp. A substantial reduction in growth was observed when AP was diluted with
water, however, when mixture of water and AP was enriched with standard
medium, growth comparative to standard medium was observed. This study clearly
indicates that it is not just N and P content that is important for growth but balanc-
ing AP in such a way that other macro and micro nutrients are also not limiting is
essential for successful use of AP for cultivation [94]. Similar results were obtained
in other studies, where AP diluent was enriched with desired nutrients [95-100].
Interestingly, Lopez Barreiro et al. (2015) observed that growth in AP diluted with
standard medium was strain dependent. Nannochloropsis gaditana and Chlovella vul-
garis could grow well in AP diluted with standard medium, however, Phaeodactylum
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tricornutum and Scenedesmus almeriensis showed poor performance [98]. Apart from
deficiency of essential nutrients in AP, other factors which have been reported for
inhibited growth are presence of phenolic compounds [91], high Ni concentration
[93], NHj; toxicity [92, 101], limitation of carbon availability and generation of
toxic metabolites [102]. HTL technology is evolving to address these issues. In direct
HTL at temperature 300°C or above, protein converts into pyrazines, pyrroles and
amines, whereas, polysaccharides convert into cyclic ketones and phenols [103].
These non-fuel components lower bio-oil quality, in the process polysaccharides
are lost and toxic metabolites are generated and accumulated in AP. To improve
quality of bio-oil and prevent loss of polysaccharides, sequential HTL (SEQHTL)

is developed, where AP is recovered in first stage of HTL operated at lower tem-
perature (~160°C) [104]. Polysaccharides constitute major portion in the AP from
SEQHTL in contrary to AP from direct HTL, where N and P dominate. In nutrient
reuse experiments using AP from SEQHTL, it was shown that Chlorella sorokiniana
and Chlorella vulgaris could utilize 77% and 64% of hydrolyzed polysaccharides,
respectively, however, Galdieria sulphuraria could not use the polysaccharides

from AP, suggesting again that the utilization of nutrients from AP of HTL is strain
dependent [88]. Apart from altering HTL conditions and dilution of AP, other ways
to reduce toxicity of AP is through removal of toxic substance by absorbents like
activated charcoal, zeolite and ion exchange resins. In recent study it was shown
that AP treated with ion-exchange resin, Dowex 50WX8 supported the growth

of Chlorella vulgaris at 100X dilution similar to control medium and better than
activated charcoal treated AP [105].

Thus, outcome of multiple studies suggests that for successful utilization of
HTL-AP for algal cultivation, selection of right strain is crucial, which can grow
mixotrophically and can utilize N as NH,". Appropriate dilution of AP or treatment
with absorbents to reduce toxic metabolites load and supplementation with limiting
nutrients are also essential for overcoming growth inhibition in AP.

4.4 Pond crashes and mitigation

Large scale algae cultivation ponds and photobioreactors are usually prone to
contamination by unwanted foreign organisms due to nonsterile cultivation condi-
tions. Moreover, suboptimal cultivation conditions (light, temperature, nutrients),
poor culture mixing, old and sick cells, allow predators and contaminants overtake
and crash the culture [106]. Common contaminants in algae cultivation include,
grazers (ciliates, rotifers, flagellates, crustaceans, amoeba), pathogens (bacteria
and virus) and parasites (fungi, vampyrellids). Multiple studies have reported
culture crash due to these organisms. For instance, chytrid contamination in
Haematococcus pluvialis [107], Poterioochromonas sp. (flagellate) [108] and Euplotes
sp. (ciliate) [109] contamination in Chlorella, pleomorphic bacterial (FD111)
contamination in Nannochloropsis [110], Colpoda steinii (ciliate) contamination in
Synechocystis sp. [111], Amoeboaphelidium protococcarum (amoeba) contamination
in Scenedesmus sp. [112] etc. are some of the studies where contamination resulted
in collapse of the culture at mass scales. Since culture crash results in substantial
biomass loss, a scalable, environmentally friendly and economical crop control
measures are crucial.

Various chemical and physical methods are available for crop protection; how-
ever, selection of a method at large scale depends on its activity against predators,
non-toxicity towards algae of interest, scalability and cost effectiveness. In case of
chemical methods, availability, stability of the chemical and its environmental tox-
icity should also be considered [109]. Various chemicals belonging to antimicrobi-
als, fungicides, herbicides, oxidants, pesticides, natural compounds, antiparasitic,
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antifeeding categories have been evaluated to control predators in algae cultivation.
Majority of chemicals tested at lab scale are not suitable for large scale opera-

tion because of environmental toxicity or they are very expensive for use in algae
cultivation. However, copper has been successfully used to selectively control
rotifer- Brachionus calyciflorus at 1.5 ppm concentration in open pond cultivation of
Chlorella kessleri [113]. Similarly, sodium hypochlorite (NaOCl) at a dosage of 0.45
to 0.6 mg Cl/L with dosing frequency of every two hours also inhibited predation
by B. calyciflorus while no growth inhibition was observed in C. kessleri [114]. Use
of NaOCI might be practically more feasible in open ponds as chlorine dissipates
rapidly, leaving no long-lasting residual effects. Moreover, it is effective at lower
dosage in comparison to commonly used insecticides Fenitrothion (6.7 mg/L) and
Chlorpyrifos (12 mg/L) for controlling Brachionus calyciflorus [115, 116]. Recently,
Karuppasamy et al. (2018), have screened around 100 chemicals and out of these 21
were effective against Euplotes sp. and Oxyrrhis sp., and did not have noticeable det-
rimental effect on Chlorella vulgaris. Further, considering cost, availability, stability
and effectiveness, benzalkonium chloride (a quaternary amine) at a concentration
of 2 mg/L was evaluated and recommended for preventing pond crash [109]. Apart
from chemical control, temporary alteration of cultivation conditions has also been
reported to be effective in pond crash mitigation. For instance, limitation of P in the
medium does not affect algae severely but affects growth of zooplanktons. Slowest
zooplankton growth was observed under high light/P ratio [117]. Flynn et al. (2017)
also reported through predictive modeling that low level of P stress can be stra-
tegically applied to create suboptimal conditions to zooplankton growth without
causing detrimental conditions for algal growth [118]. Another potential strategy to
control certain type of predators is use of high level of CO, in the culture medium.
Ma et al. (2017) demonstrated that CO, purging temporarily lowered C. sorokiniana
GT-1 culture pH to 6-6.5 and helped in controlling Poterioochromonas malhamensis
by lowering its intracellular pH and resulting in cell death. This strategy can be
implemented for controlling P. malhamensis and other protozoans in large scale
cultivation [119]. In addition, CO, asphyxiation was found to be effective in causing
acute mortality of all zooplankton species in t < 10 min [120]. Poterioochromonas sp.
contamination could also be controlled through cultivation at high pH (>pH 11) as
reported in Synechocystis sp. PCC 6803 cultures [121].

Apart from chemical methods, there are multiple physical methods, which have
been developed for grazer control in algae cultivation. Hydrodynamic cavitation
(HC), ultrasonication, foam flotation, pulse electric field, filtration and electro-
magnetic stratagem are some of the technologies used for crop protection. HC is
considered as simple and economical method to kill zooplanktons in waste-water
treatment. Kim et al. (2017) have extended this technology in controlling rotifers in
algal cultivation. This method could successfully control 99% rotifers in four passes
with little effect on Nannochloropsis [122]. Likewise, flagellate Poterioochromonas sp.,
a deleterious contaminant in Chlorella mass cultivation was disrupted using ultra-
sonication. This method was tested at 60 L scale and has potential to be used at mass
scale. Ultrasonication was also shown to be effective in controlling fungi, amoeba,
and ciliates [108]. Electrocution is another technology, which was successfully
tested outdoors in 1 and 20 m? ponds. Here, 5-10 mA current was applied through
graphite rods for 6 h or more to control ciliates and dinoflagellates, however, algae
growth was not affected [123]. Pulse electrophoresis is another technology which
has been used to effectively control rotifers in tubular PBR. Technology however,
can be used for freshwater algal cultures [124]. Umar et al. (2018) evaluated foam
flotation, a physiochemical method to remove ciliates Tetrahymena pyriformis from
C. vulgaris culture grown in PBR. Addition of SDS at 40 mg/L concentration lysed
ciliates without affecting algal cells [125].
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It is clear from the above description that there are multiple methods available to
control the crop loss. However, not all methods are equally effective in controlling
all types of predators. Therefore, careful selection of a chemical or physical method
based on algae and its intended use is needed to prevent the pond crashes or to
control the predators without affecting the algal growth.

4.5 Harvesting efficiencies and energy targets

Harvesting and dewatering of microalgae is a very challenging process due to
their small cell size (<20 pm), low biomass concentration (0.2-1 g/L in ponds and
2-9 g/L in PBRs) [126], density comparable to water (1.08-1.13 g/mL) and nega-
tive charge on algal cells, keeping cells in suspension due to repulsive forces [127].
Common harvesting technologies of microalgae include flocculation, centrifuga-
tion, sedimentation, filtration and flotation. These methods can be used individu-
ally or in combination to improve the effectiveness and economics of harvesting.
For example, flocculation can be combined with sedimentation or dissolved air flo-
tation (DAF), DAF can be combined with filtration or centrifugation. First stage of
algae harvesting is generally called primary harvesting process, which concentrates
cells up to 2-7% and the second stage is called secondary harvesting or dewatering.
It uses primary harvested biomass as feed and further concentrates it up to 15-25%
[128]. Fasaei et al. (2018) have discussed 28 combinations of primary and secondary
harvesting and recommended filtration followed by centrifugation or flocculation
followed by membrane filtration and a finishing step with spiral plate technology or
centrifugation as economically attractive solutions. Further, when initial biomass
concentration and separation techniques are considered, the estimated operational
costs and energy consumption for various harvesting methods were estimated
to be in the range of 0.1-2 €/kg and 0.1-5 kWh/kg, respectively. Based on these
estimates, harvesting cost was projected to be between 3 and 15% of the production
cost, which is significantly lower than the earlier estimate of 20-30%, reported in
other studies [129, 130].

Flocculation is most common primary harvesting technique, where cell aggrega-
tion is achieved through charge neutralization by cationic flocculants, polymers and
metal salts like ferric chloride, alum, aluminum sulfate and ferric sulfate [128]. The
flocks formed in association with chemicals are either allowed to settle under grav-
ity in a settling tank or floated by attaching micro-bubbles to their surface using a
DAF. Energy consumption range for this process as reviewed by Mo et al. (2015)
is 0.1-14.8 kWh/m? [131]. Chemical flocculation has resulted in variable outcome
as harvesting efficiency of flocculation is dependent on the flocculent dosage, pH
of the culture medium, surface charge and salinity. Under optimal conditions,
greater than 90% harvesting efficiency was achieved in many studies, for instance,
flocculation of Chlorella sorokiniana, Chaetoceros muelleri, Chlorella vulgaris and
Scenedesmus costatum with chitosan [132-134]. Likewise, Chlorococcum sp. and
Dunaliella tertiolecta were harvested with more than 90% harvesting efficiency
using Al,(SO,); or Fe,(SO,); as flocculants [135] However, chemical flocculation in
large scale algae production may not be economically viable because of high cost of
chemical and high dosage requirement. Also, accumulation of residual flocculant in
the harvested water and with microalgae might affect the downstream process and
may pose environmental concerns [136].

Filtration is another promising harvesting method, which can give 100%
biomass recovery and clean biomass, as the process is devoid of chemical input.
However, low flux, frequent membrane fouling and high cost of filtration process
are key bottlenecks in the large-scale operations. To improve filtration performance
and reduce membrane fouling, filtration process has been clubbed with accessory
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technologies, like aeration [137], vibration [138], use of electro membrane [139]
and rotating disk [140]. Bilad et al. (2012) used submerged microfiltration
equipped with vibrator for harvesting Chlorella vulgaris and Phaeodactylum tricor-
nutum and reported energy consumption of 0.27 kWh/m’ (0.64 kWh/kg) and 0.25
kWh/m? (0.98 kWh/kg), respectively [138]. Corresponding energy for electro-
coagulation flocculation process is reported to be 1.3-9.5 kWh/m® for the same
species, which was substantially high [141]. Recently, pilot scale ultra-filtration
membrane trial clubbed with air assisted backwashing technology has been success-
fully used to harvest Scenedesmus acuminatus. The culture was concentrated from
0.5 g/L to 136 g/L with 93% biomass recovery. The energy consumption reported
was 0.59 kWh/kg dry biomass [142]. Though filtration is less energy intensive
[130], further improvements in filtration technology is required and can also be
achieved by using membranes with advanced hydrophilic material and introducing
negative surface charges [126].

Centrifugation is another physical method of harvesting, but the harvesting
efficiency is less than filtration and highly depends on the gravitational forced
applied. Centrifugation is also energy intensive, difficult to scaleup, requires
high maintenance and considered expensive for low value products like oil. Using
centrifugation as sole harvesting method is not recommended as energy consump-
tion and cost of harvesting is significantly higher compared to a process, where
centrifugation is used as secondary harvesting method. In a study where Evodos
spiral plate centrifuge was solely used to harvest 10,000 L of Chlorella culture,
energy consumption was 55 kWh/m?, as opposed to 5.5 kWh/m’, when centrifuga-
tion was used as secondary harvesting step [128]. Other common centrifuge types
are disc stack and decanter. Disc stack is the most common industrial centrifuge
with reported energy consumption ~1 kWh/m®. However, energy consumption
was further reduced to 50% by design changes, like modifying flow paths of rotor,
reduction of aerodynamic losses by air removal outside rotor and use of direct drive
instead of belt or gear drive [143]. In case of decanter centrifuge, energy consump-
tion ranged between 1.3-8 kWh/m?’. In another study by National Renewable
Energy Laboratory (NREL), energy consumption in concentrating microalgae
from 13-20% using centrifuge was estimated to be 1.3 kWh/m?, with a dewatering
efficiency of 97% [144].

In conclusion, it is clear from above description that significant developments
are made in harvesting technology but none of the techniques seems to be economi-
cal and efficient enough. Combination of two to three technologies have been
proposed to give economically viable solution but still significant optimization and
innovation is necessary in current technologies and there is substantial scope for
development of new, cheaper and more efficient harvesting technologies.

5. Commercial scale up

High cost of biomass production and subsequent extraction processes have
limited the progress of upscaling of microalgae for commercial fuel and other
value-added products. The technoeconomic analyses reported thus far have a wide
variation in the cost estimates, primarily due to non-existence of standardized
cost assumptions across different geographic locations. For example, in a study
conducted in the US, production of microalgal biomass is estimated at $4.92/
kg with current technology status [145]. In another study conducted in Europe,
production cost was estimated to be €4.95, 4.16, and 5.96/kg of biomass from open
ponds, horizontal tubular and flat panel photobioreactors, respectively [146]. Even
the biomass production cost drops down to $0.5/ kg, still scaling-up of microalgae
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for standalone production of biofuel is economically infeasible due to swift com-
petition with fossil fuel [145]. Hence, cost reduction and integration of additional
revenue generation steps could help in successful scale-up.

While microalgae are primarily sought-after for biodiesel production through
utilization of lipids, valorization of other components through a biorefinery
approach, as proposed in many studies might enhance the chances of commer-
cialization. Microalgae are traditionally utilized for food and feed, cosmetics,
nutraceutical and pharmaceutical applications because of the presence of high
content of protein, carbohydrate, pigments, antioxidants, ®-3 fatty acids and other
industrially important chemicals. Extraction of these compounds as co or byprod-
ucts can improve the overall process economics [147, 148]. In microalgal biorefinery,
valorization of different components of microalgae biomass is achieved through a
series of unit operations for extraction, purification and biomass conversion [149].
Based on the type of the primary product being extracted, biorefineries can be clas-
sified as energy driven or material driven biorefinery. In energy driven biorefinery,
oil for biofuel is extracted first, and the de-oiled biomass is used for extraction of
value-added products or in a bioconversion processes like fermentation, anaerobic
digestion, pyrolysis, hydrothermal liquification (HTL) etc. The best possible
sequence of extraction of compounds for valorization of biomass can be evaluated
through cost effectiveness assessment (CEA), which is the ratio of total outcomes
from a biorefinery to the total cost of producing products [150]. Also, for successful
biorefinery scheme, the net energy ratio (NER) assessment is important. It is the
ratio of energy output over energy input and should be greater than unity. Higher
the values of CEA and NER are, higher would be the feasibility of that biorefinery
scheme [148, 150].

Several microalgae biorefineries have been proposed and tested in the literature
but their implementation at large scale is still far from reality. Table 1 summarizes
some of the recent biorefinery approaches reported in the literature and Figure 4
represents various possible biorefinery approaches. Razon and Tan (2011) evalu-
ated a biorefinery for production of biodiesel and biogas from Haematococcus
pluvialis and Nannochloropsis [161]. The NER was less than one for both the cases
indicating negative energy balance, even when best performance estimates were
taken for unit operations. However, economics of the system can be improved if
cultivation is integrated with waste-water plant, thus eliminating the need for
chemical fertilizers. Also, wet extraction should be followed thus saving on drying
cost [161]. Similarly, Andersson et al. (2014) evaluated the biodiesel and biogas
production through integration of cultivation with waste-water treatment plant,
flue gas as carbon source and excess heat from industrial cluster. Production of
biodiesel and biogas in biorefinery scheme resulted in net positive outcome com-
pared to biogas alone [162]. In another biorefinery approach, Ansari et al. (2015)
evaluated lipid extracted algae (LEA) for its use as protein or reducing sugar source
and observed comparable yields of these products from whole algae and LEA as
source material. Also, oven drying over sun drying and microwave assisted lipid
extraction resulted in highest lipid yield compared to other methods tested [154]. In
another study first protein was recovered from Botryococcus braunii under alkaline
conditions, followed by lipid extraction for biodiesel and finally spent biomass was
used for bio-oil production through pyrolysis. This biorefinery process resulted in
10% protein recovery, 2% lipid recovery and 33% bio-oil recovery. Bio-oil being
obtained in this scheme was at neutral pH and hence non-corrosive for combustion
engines but bio-oil recovery from spent biomass was less than that of whole algae.
Due to poor recovery of lipids, their extraction step can be omitted and scheme can
be simplified [153]. Recently, in Chlorella vulgaris biorefinery, where protein extrac-
tion was integrated with pyrolysis, extraction under alkaline condition (12 pH) at
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Microalgae

Biorefinery
products

Remarks

Reference

Nannochloropsis sp.

Biodiesel;
Carotenoids;
Bio hydrogen

CO; super critical fluid extraction plus
ethanol (20 wt.%) could extract 45% (dry
weight basis) of lipids and recover 70% of
the pigments

Dark fermentation of left-over biomass
by E. aerogenes yielded maximum 60.6 mL
H,/g Dry biomass of alga.

[151]

Dunaliella
tertiolecta

Biodiesel,
Bioethanol

Enzymatic saccharification of de-oiled
biomass followed by fermentation
resulted in the yield of 0.14 g ethanol/g
residual biomass equivalent of 82% of the
theoretical fermentation yield.

[152]

Botryococcus braunii

Protein; lipid;
bio-oil

Protein extraction followed by bio-oil
recommended.

Neutral pH was found in bio-oil from
microalgal biomass.

[153]

Scenedesmus
obliquus

Lipid; Protein/
Reducing sugars

Microwave assisted extraction from oven
dried samples provided highest lipid yield.
Protein and reducing sugar yield
comparable in lipid extracted algae vs.
whole algae.

Sun drying resulted in poor outcome.

[154]

Nannochloropsis sp.

Lipid; fuel gases;
Nitrogen as NH,*

75% recovery of energy in SCWG process
and 100% recovery of N from lipid
extracted hydrochar.

[155]

Spirogyra sp.

Carotenoids;
Biohydrogen

Electrocoagulation and solar drying
reduced the energy requirements by 90%
for harvesting and dewatering.

0.12 g/100 g dry biomass of total
pigments with 56% free astaxanthin,
16% beta-carotene & 5% of lutein and
canthaxanthin.

Fermentation of residual biomass
produced hydrogen yield of 47 mL/g dw.
Carotenoid extraction with acetone is
expensive and hydrogen yields have to
improve by increasing sugar content in
the biomass through altered cultivation
practices.

[156]

Scenedesmus acutus

Bioethanol;
biodiesel

Whole algal slurry after acid pretreatment
is directly used for ethanol fermentation.
No losses of fermentable sugars in the
solids, which are otherwise separated from
the sugar rich supernatant.

$0.95/ GGE cost reduction in biofuel
production.

[157]

Phaeodactylum
tricornutum

Pigments; Fatty
acids

Green processes: pressurized liquid
extraction (PLE) and microwave-assisted
solvent extraction (MAE) were evaluated
for extraction of bioactive compounds.
Optimum extraction conditions were
50°C, 100% EtOH, 20 min for PLE, while
optimum conditions for MAE were 30°C,
100% EtOH and 2 min.

Higher recovery of fucoxanthin enriched
with EPA were obtained with PLE method.

[158]
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Microalgae Biorefinery Remarks Reference
products
Chlorella vulgaris Protein; bio-oil Hydrolysis with sonication under alkaline [159]
conditions yielded high protein recoveries.
Scheme is economically feasible if
extracted protein is used for food
application.
Profit is 1.51 $/Kg of microalgae biomass
Chlovella vulgaris Lutein; Protein Pulse electric field treatment enhanced [160]
the lutein (2.2 + 0.1-fold) and chlorophyll
yields (5.2 + 3.4-fold) compared to non-
treated cells single-stage ethanol extraction
process.
Protein extraction cost estimated to be
US$4.16/kg of protein with 50% extraction
yield and 57% purity.
Further improvement in yield and
purity is needed to make this biorefinery
economically viable.
All the studies mentioned ave conducted at lab scale.
Table 1.
Experimental demonstration of microalgal biovefinery approaches.
Lipid d SCWE Fuel gases
___HTC | Hydro-
char Solvent he Traiis: L' N as NHg*
extraction BE — ——  Blodiessl
esterification Andercbic
[digestion ~  Biogas
Ethanol
Acid Fermentation Distillation .
pretreatment”. of freated p Lipid ~» Biodiesel pa— Bio-oil,
slurry Stillage _H::::i"" — Charcoal,
Esx:lrlnl::d —s BPFS Syngas
e o B, st cot | g
Deproteinized Solvent
R T Bio-oil,
Spent bi HTL Biochar,
Agqueous
Trans- - phase
z:i:;:ttion P esl::r'ﬁcarr'on Biedisael
— Fermentation
ee=---» | Protein Ethanol
De-oiled H
hi_orr_uss _I_. m 4
Drying & particle : : 2
size reduction ¥ Combusti Heat,
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CO, Super critical fluid o
zlrtm::'nn +ethanal Carotenoids Ei Dark
| Y Feri i ydrog:

Figure 4.

Possible microalgal biovefinery approaches (dotted line: Alternate route, HTL: Hydrothermal liquification,
HTC: Hydrothermal carbonization, SCWG: Super critical water gasification, BPFS: Bioplastic feed stock,
stillage: Fermentation broth after removal of ethanol, extracted stillage: Broth after extraction of ethanol and
lipids, spent biomass: Deproteinized and de-oiled biomass).

50°C for 90 min followed by sonication resulted in 80% protein recovery. Bio-oil
obtained from protein extracted biomass was better in quality and comparable in
quantity with whole algal biomass extraction. Based on technoeconomic analysis, it
was proposed that the extracted protein if used for food application then the profit
can increase by 1.51 USD/ kg of microalgae biomass [159]. Lu and Savage (2015)
processed Nannochloropsis slurry through hydrothermal carbonization (HTC) and
resultant hydrochar was further used for lipid extraction. Lipid extracted residual
char was converted into fuel gases through a process called super critical water
gasification and almost complete recovery of N as NH,* was achieved, which can
be used for nutrient recycling. This scheme is attractive as multiple products can
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be extracted efficiently and use of HTC process in the beginning eliminates the
energy intensive step of drying for lipid extraction [155]. Dong et al. (2016) tested
another biorefinery approach, where Scenedesmus acutus slurry was subjected to
fermentation after acid pretreatment at 155°C for 15 min. Ethanol was recovered
through distillation of fermentation broth and lipids were recovered from stillage by
solvent extraction. Advantage of this approach was that monomeric sugar was fully
utilized in the fermentation process as sugar-rich liquor was not separated from
solid residues post pretreatment. Also, using whole cell algal slurry (post pretreat-
ment) for fermentation resulted in microalgal biofuel cost reduction by $0.95/GGE
[157]. In another study, production of bioplastic feed stock (BPFS) and biofuel were
integrated in algal biorefinery. Open raceway pond (ORP) cultivation followed

by utilization of dried biomass as BPFS was found to be the most economical with
minimum selling price (MSP) estimated to be $970/ ton. Other scenarios, were,
lipid extraction or fractionation prior to use of biomass as BPFS. These biorefineries
with an estimate of MSP of $1370 and $1460/ ton of lipid extracted or fraction-
ated biomass, respectively, were proposed to be competitive if cultivation cost is
reduced [163].

Though biorefinery concept gives greater product and economic flexibility, the
technologies needed for processing of residual streams of microalgae biomass are
still in nascent stages of development and hence many biorefinery models are faced
with technoeconomic hurdles. Cultivation, harvesting and drying are highly cost
and energy intensive steps and needs substantial innovations and advancements
to improve economics. Economics of downstream processing steps, which include
cell disruption, extraction, purification and biomass conversion are not thoroughly
assessed and reported, moreover, technology for multiproduct extraction is neither
fully mature nor evaluated at large scale [164]. The economic analyses reported on
biorefineries thus far are mostly based on small scale studies and limited knowledge
on end-to-end biorefinery trials at large scale, affects the reliability of economic
analysis [162]. Other significant challenges in successful implementation of micro-
algae biorefineries are; consistent availability of algal biomass, variation in micro-
algal composition based on cultivation conditions and strain specificity. Therefore,
adequate control of cultivation parameters and selection of appropriate strain is
important. When biorefinery products are intended for food industry, then the
production process from cultivation to final product should adhere to regulations
set by regulatory agencies in respective geographic locations [149]. Product stability
is another key challenge and must be ensured throughout the storage period.

In conclusion, though microalgae are an excellent feedstock for implementation
of biorefinery approaches, a concerted effort is still needed to make the production
process economically viable and environmentally sustainable.

6. Conclusions
6.1 Will algal biomass production ever be economically viable?

Though microalgae technologies have evolved tremendously in the past decade
and have shown greater promise as renewable feedstocks for food, fuel and other
high value products, their commercial scale production is still in its infancy.
Companies like Sapphire Energy, Aurora Biofuels, Solazyme, and Algenol started
with the aim of producing biofuel from algae at a large scale but could not sustain
their operations due to economic infeasibility. Some companies have stopped the
operations, while others changed their focus to produce algae for food or other non-
fuel products. Considering the technoeconomic analysis of fuel production from
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microalgae, production of algae for food, nutraceutical, cosmetics etc. has higher
chances of success, as these products provide lot of opportunities to innovate and
higher value of these compounds in comparison to fuel can fetch higher returns on
investments. However, it must be noted that the market for these products is either
substantially small or still in early stages of evolution. Moreover, availability of
several cheap alternatives and lack of awareness among people about algae products
are also critical stumbling blocks in market acceptability of algal products.

To bring microalgae production into mainstream both cost and market aware-
ness must be improved. Integrated biorefinery approaches, discussed in detail
in previous section, can be a viable option in this direction if technological and
financial challenges are overcome. For that, focused research in both fundamental
and applied areas to bridge the gap between lab to field translatability is impera-
tive. Understanding biology for high biomass production and tweaking production
strains through mutation, genetic and metabolic engineering approaches to increase
the efficiency of accumulating desirable products and building the capability to
withstand biotic and abiotic stresses would be a step towards success of commer-
cial scale algal biomass production. In parallel, optimization of unit operations in
cultivation, harvesting and downstream processing by improving their efficiency,
lowering cost and finally integrating biological and engineering systems to ulti-
mately develop economically viable end-to-end process is crucial for success. Lastly,
government support in terms of well-defined policy, setting clear renewable energy
targets, funding and subsidies on environmentally sustainable technologies would
be a strong push in making algal biomass production at commercial scale a reality.

6.2 Next generation systems

It is clear from the discussion above that substantial improvements are needed
in multiple processes of algal biomass production. Next generation systems should
focus on improving pond design and better hydrodynamics, which can enhance
fluid mixing and minimize dead zones resulting in improved biomass productivity,
reduction in contaminant growth and pond crashes. Pond design should also sup-
port improved light and dark cycle leading to better light utilization, thus enhanc-
ing biomass productivity. Cost reduction through innovative low-cost pond lining is
another important focus area for next generation systems. Development of efficient
and inexpensive CO, delivery systems, where CO, wastage can also be minimized
is an area of active research and such novel delivery methods should be part of next
generation systems. Harvesting incurs significant cost to the algal biomass produc-
tion, hence, combining two or more harvesting strategies and identifying coagula-
tion, flocculation and dewatering chemical recipes that also can work effectively
under saline conditions for microscopic algae will add in improving economics
of biomass production. Strain modification and developing robust strains should
also be the focus area of next generation systems. One example is propiconazole
resistant Chlorella strain developed through mutagenesis, also harbors trait of
high temperature tolerance. These two traits make the strain apt for cultivation in
outdoor conditions [165].

6.3 Biological carbon capture and sequestration

There is growing recognition that the greatest existential threat facing the planet
is anthropomorphic climate change. There is growing evidence that reductions
in carbon emissions may not be sufficient to push global temperatures beyond a
tipping point that would lead to an inhabitable planet for much of life as we know
it today. Perhaps the greatest irony is that the geological sequestration of microalgal
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biocrudes may be one of the most efficient and sustainable means to sequester
atmospheric carbon [35, 166, 167]. Instead of extracting non-renewable petroleum
(ancient algal biomass) from the earth it may become necessary to sequester
atmospheric carbon by returning algal biocrude to the earth perhaps through the
same pumps and wells that were used to extract petroleum. Carbon capture by algae
is sustainable given efficient recycling of water and nutrients. The major concern is
public inertia to mitigate carbon and economics. The costs associated with algal bio-
crude or carbon sequestration may be attractive. The economics of algal biocrude
sequestration can be offset in part by the co-production of high volume/ low value
animal feeds (proteins and carbohydrates) and the production of high value com-
modities minimizing the need for governmental financial support of atmospheric
carbon mitigation technologies. To date, an algal BCCS system linked with food and
valuable coproduct production has not been modeled for carbon capture efficiency
and costs. The challenge for the next generation of algal scientists and economists

is to consider whether algal BCCS is a workable solution to mitigate atmospheric
carbon and address the looming specter of climate change.
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