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Abstract

Technology for optimization of biodiesel from microalgae has been facing major production

challenges such as low biomass yielding open pond practices, inappropriate CO> feed under
sunlight, and ineffective photobioreactor (PBR) design. Major influence factors of
microalgae cultivation under natural sunlight are reactor design, availability of sunlight
intensity and CO. supply. Therefore, the algae-biodiesel research should focus on PBR
design coupled with process engineering for efficient CO. capture/feed and sunlight
penetration. Arising from the above, the objectives of the study were set to construct mass
transfer efficient bubble column PBR (BC-PBR) along with unidirectional lighting and to
perform small-scale experiments under constant lighting for understanding the combined
effect of light and CO> rather than simple optimization. Consequently, the small-scale
studies were used to develop effective CO; feed strategies for both small-scale and medium-
scale BC-PBRs under diurnal simulated and natural sunlight conditions. Followed by that, a
novel mixer design was proposed to integrate in BC-PBR for maximizing light capture,

thereby enhanced biomass and biodiesel productivity under natural sunlight.

An indigenous microalgae species and proved biodiesel candidate, Chlorella sp. FC2
IITG (FC2) was used in the study. LED lighting and natural sunlight conditions were used
for indoor and outdoor experiments respectively. Using an OPTO22 process control unit,
light intensity, pH, dissolved CO. (dCO.) or CO- levels (% in air), and temperature were
recorded/controlled for evaluating the process results. The biomass concentration,
chlorophyll content, dissolved oxygen (DO), phosphate, urea, and fatty acid methyl esters
(FAME, biodiesel) were also measured/quantified offline. Two scales of bubble column

PBRs (BC-PBR) having volumes of 500 ml and 10 L were constructed by integrating newly
vi
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Abstract

designed membrane-sparger. Two unidirectional LED panels, each for small-scale and
medium-scale PBRs were customized for generating simulated sunlight conditions in
laboratory. The membrane-sparger exhibited high CO2 mass transfer coefficient of 0.017 s°
! four times higher than conventional L-sparger. Also, it has offered lower cell settling and
better scalability in comparison with perforated tubing sparger. Upon evaluating the
pumping effect on FC2 strain, the recirculation of cells was not suitable and therefore, batch

operation was followed in all the experiments.

In small-scale BC-PBR setup, photosynthesis in the strain was saturated between 700
— 1500 umol m2 s of light intensity. At constant CO, feed under constant lighting, the
optimum conditions were found to be 2% CO> level and 1130 pmol m? s of light intensity.
Based on the analysis of combined effect of light and CO, at the optimum conditions,
strategy of ‘maintaining 100 mg L™ dCO; throughout the culture’ was found desirable for
FC2 growth under diurnal simulated sunlight. Using the strategy, growth was recorded up
to 5.8 g Lt with an overall biomass productivity of 1.3 g L* day*, similar to optimum light
and CO2 conditions. Subsequently in lipid induction phase, the biodiesel was produced with
highest productivity of 265 mg L day* and qualified in accordance to ASTM/EU standards.
Nevertheless, the desirable strategy or constant CO> feeding under diurnal lighting cannot
be scalable to medium-scale BC-PBR due to presumable CO- limitation along the height of
PBR. Consequent to small-scale experimental results and reported photosynthetic
observations in cotton leaf, a real time light intensity based CO. feeding strategy was
proposed and investigated to compare with known biomass-density and pH-control based
strategies in medium-scale BC-PBR. The light intensity based strategy under simulated
sunlight yielded maximum biomass concentration of 5.12 g L™, far higher than the known

vii
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strategies. In outdoor culturing experiment, the proposed strategy produced final biomass
density in the 6.8 and 9.0 g L range in growth phases of two-stage and single-stage lipid
induction processes respectively. Subsequently, two-stage lipid induction process of 6.8 g
L titer yielded biodiesel productivity of 120 g L™ day™, whereas single-stage process of 9.0
g L™ titer was unable to induce lipid. Also, a parallel two-stage lipid induction experiment
in small-scale BC-PBR revealed that specific light availability coupled with nitrogen stress

enhances lipid induction.

To enhance the specific light availability, a self-rotating bubble-driven mixer was
designed and integrated in the BC-PBR. Small-scale experiments in mixer integrated BC-
PBR under optimum light and CO: conditions exhibited higher biomass productivity,
chlorophyll content, and DO when compared with BC-PBR without mixer. Under diurnal
simulated sunlight conditions, the productivities of biomass and biodiesel in medium-scale
BC-PBR with mixer were enhanced by 1.4 fold and 6.25 fold, respectively compared to the
PBR without the mixer. Under natural sunlight conditions, maximum biomass productivity
of 1.42 g L* day? and overall biodiesel productivity of 521 g L™ day™ were achieved in

mixer integrated 10 L BC-PBR.

To the best of the author’s knowledge, this is first study to report a PBR with the
self-rotating internal mixer that rotates due to bubble-driven force. Also, the process was
developed without temperature control for economic viability. The experimental strain in
this study does not require conventional pH control, grows in dark cycles, and possesses
irreversible photoinhibition at peak sunlight intensity of 2000 umol m2 s?. Thus, the
designed reactor and process technology in this study can provide leads to commercial
feasibility of algae cultivation in photobioreactors as well.

viii
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Introduction

1.1 Background and rationale of the study

Energy is one of the major driving forces for world’s science and technological
advancements that meet various demands of humankind. Most of the energy supplies have
been drawn from non-renewable and conventional fossil-based sources like oil, natural gas
and coal, which are being utilized largely for transportation, manufacturing industries and
residential purposes (Shafiei & Salim, 2014). However, the fuel analysts and consumers
have already been understood that the world’s energy consumption could easily surpass the
energy supply in the very near future, unless the alternative renewable energy sources are
found (Owen et al., 2010). In 2018 alone, the world’s total energy consumption increased
by 2.3%, which is double the average growth rate since 2010 (IEA, 2019). The BP plc has
estimated that the global energy demand by 2040 will be increased by a third of current
demands (BP, 2019a). At the current consumption rates, even the current reserves of oil,
natural gas and coal would be depleted within a 50, 50.9 and 132 years respectively (BP,

2019D).

Due to the rising global energy demands and fast depletion of fossil fuels, the prices
have also increasing very sharply (Herrera et al., 2019; Monyem et al., 2001; Sakarika &
Kornaros, 2019; Slegers et al., 2011). Also, the devastating CO2 (major greenhouse gas)
emissions from fossil-based fuel combustion has also been increasing year by year, e.g.,
the CO2 emissions in 2016 were raised by 57% in comparison with 1990° emissions (IEA,
2018a). By the year of 2018, the global annual average concentration of atmospheric CO>
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was reached to 407.4 ppm (2.4 ppm higher than in 2017). The increase in CO emissions
has been linked to global warming as CO. is the major greenhouse gas (GHG) in the
atmosphere. Therefore, the whole world is currently stepping towards the dual challenge /

solution of “More energy and less carbon” (BP, 2019a).

In the recent years, the growth of energy demand and supply of renewables have
been increasing very rapidly. For example in 2018, the renewables share was almost a
quarter of the world’s energy supplies (IEA, 2018b; IEA, 2018c). Though hydroelectricity
and solid biomass fuel (firewood) were traditional renewables, other renewables like solar
(photo voltaic and thermal), wind, geothermal, tidal, biomass (other than traditional, e.g.,
lignocelluloses, food crops, etc.), and wastes have already emerged as alternative and ‘new’
renewables sources of energy since 1990s (IEA, 2019; IEA, 2018c). Among the new
renewables, liquid biofuels like bioethanol and biodiesel from biomass feedstock have
gained popularity as transportation fuels. The annual average growth of liquid biofuels
production in 2018 was 9.7%, which was the highest growth since 2010 (BP, 2019b). In
this increased growth, bioethanol and biodiesel were accounted for 56% and 37% of the
overall production respectively. In spite of the emergence and increasing use of liquid
biofuels in every upcoming year,, the current growth rate of liquid biofuels cannot meet
projected future energy consumption rates (IEA, 2019). Hence, the present research study
is focused on production enhancement strategies / technologies of liquid biofuels,
especially the biodiesel production. Biodiesel is generally produced from various oil/lipid
accumulating biomass feedstock via extraction of lipids and transesterifying those lipids
using methanol in the presence of acid/base/biological catalyst (Li et al., 2018; Pizarro &
Park, 2003). Historically, the biodiesel producible biomass feedstock were divided into
three groups namely, first, second and third generations (Issariyakul & Dalai, 2014; Shafiei

& Salim, 2014; Williams & Laurens, 2010).
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As the first generation feedstock, edible oil sources like vegetable oils (e.g., palm,
sunflower, soybean, canola, etc.) and animal oils have been studied (Alptekin et al., 2014;
Dias et al., 2008; Issariyakul & Dalai, 2014). Currently, the most of the world’s biodiesel
has mainly derived the edible oil sources only (IEA, 2018c). However, the future scenario
of the liquid biofuels production has been changing due to the associated food vs fuel
debates, future food crisis, and invasion of arable/agricultural lands with the use of edible
food crops and their lands. Therefore, the feasibility of non-food crops like Jatropha,
pongamia, and even waste cooking oils as second generation biodiesel feedstock have been
explored (Ahmad et al., 2009; Gao et al., 2019; Ong et al., 2013). Nevertheless, these non-
food crops also require agricultural lands for their production. Hence, similar tension arises
as for first generation feedstock (Demirbas & Demirbas, 2010; Sun et al., 2019; Williams
& Laurens, 2010). Recently, algae (photosynthetic microorganisms) has emerged as third
generation biodiesel feedstock and known to be superior to any other feedstock (Chisti,
2008; Demirbas & Demirbas, 2010). Unlike crop plants, algae are peculiar photosynthetic
microorganisms that do not require arable lands for their biomass production and offers
very high growth rates with top-notch photosynthetic efficiencies. However, the biodiesel
production technology from algae is still non-viable due to lags in the developmental stages
of biomass growing technology, downstream processing, and biodiesel extraction (Scott et
al., 2010; Vasistha et al., 2019). Due to these lags, the edible oils are still being grown and
used for biodiesel production. Therefore, the present study was focused on developing an
efficient algae biomass production technology, which is the techno-economic decisive part

of algae-diesel industrial pant.

1.2 Problem statements

For algae (particularly microalgae) biomass production, there are a wide variety of

mass culturing systems. Among them, artificial open ponds are the most economical and
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easier systems (Costaet al., 2019; Norsker et al., 2011). However, these open ponds require
very large land areas for cultivation and criticized for their poor biomass productivities due
to lesser S/V (surface area/volume) ratios, frequent contamination problems and water
losses due to high rates of evaporation. Due to the above issues, closed photobioreactors
(PBRs) like vertical tubular, horizontal tubular, and flat panels have been studied
prominently (Genin et al., 2016; Kumar et al., 2017; Slegers, 2014). The cultivation of
microalgae in the PBRs is mainly governed by PBR design and process optimization /
engineering of the designed system to produce high biomass densities while utilizing the

sunlight efficiently.

1.2.1 Photobioreactor design factors

Photobioreactors (PBR) could offer better S/V ratios and higher biomass
productivities compared to the open pond systems However, the current achievable
biomass densities in any of the existing PBR designs cannot make algae-biodiesel industry
viable. Moreover, the net energy ratios for running and maintenance of these PBRs are
negative due to high installation/capital costs and energy requirements. This ultimately
imposes burden on the extraction and downstream processing cost of biodiesel from
microalgae (Arcigni et al., 2019; Hulatt & Thomas, 2011). This is why, cost-effective
engineering design of the PBR in conjunction with capability of producing high cell-density
algae cultures is imperative to satisfy the future world’s fuel energy demands. An efficient
PBR design deals with many aspects such as selection of suitable PBR, land area foot-print,
effective CO2 mass transfer, hydrodynamics, mixing of algae cells to minimize dark zones,

and scale-up viability.

Regardless their highest areal productivities compared to any other PBR, the flat
panels could not offer good hydrodynamics and they require many compartments for scale-

up (Ugwu et al., 2008; Wang et al., 2012). In case of vertical tubular PBRs, they consume
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lesser land area footprint compared to the horizontal tubular and flat panels. Moreover, the
areal biomass productivities in vertical tubular PBRs were reported up to 20—-70% higher
than in horizontal tubular PBRs when both kind of tubular PBRs were tested at pilot-scale,
(Slegers et al., 2013). Nevertheless, vertical PBRs require special attention in improving
mass transfer and mixing in a cost-effective manner to achieve high cell densities and
biomass productivities of microalgae. Based on photosynthetic efficiency, high areal
productivities, mass transfer, and mixing, column PBRs like bubble column and airlift
technologies were demonstrable to be very efficient at laboratory scale experiments (Hulatt
& Thomas, 2011; Sanchez Mirdn et al., 2000). For effective mass transfer of CO, from
gaseous phase to algae cells, the design and selection of sparger is the fore-most important
step in the construction of a suitable PBR. The attachment / arrangement of the existed
spargers such as pipe sparger, ring sparger, ceramic sparger, sieve plate, etc. in airlift /
bubble column reactors are limited to the laboratory due to scale-up issues and high
installation costs (Gupta et al., 2015; Posten, 2009). Moreover, the operation of these
spargers require high pressures, leading to high energy consumption (Posten, 2009).
Therefore, the cost-effective integration of the column PBR technologies into vertical
tubular PBR with scalable and mass transfer efficient sparger could open the door for

commercialization of algae biofuels.

Mixing is another crucial parameter that aids in increasing specific light availability
(average light exposure per cell) inside the tubular PBRs. This mixing can increase the
frequency of algal cells to move from light to dark zones of the PBR that generates higher
biomass productivities compared to the PBRs with less efficient mixing. Moreover, it was
widely reported that the combination of higher specific light availability and N-stress can
improve the lipid content of some algal species more than the N-stress alone (Cuellar-

Bermudez et al., 2015; Munkel et al., 2013; Wang et al., 2018a). Hence, the arrangement
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of special internal mixers/baffles inside the PBR would be an innovative solution for
increasing the specific light availability to improve both biomass and biodiesel
productivities. In the current literature, a very few reports are available on the design of
special internal mixers inside the tubular or flat panel PBRs and this technology is still in

very early stage of development.

1.2.2 Process optimization criteria

In addition to the effective PBR design, process design and optimization for
achieving high cell density and biomass productivity is mainly governed by two critical
growth parameters, i.e., light and CO> (prime requirements of photosynthetic organisms).
Numerous studies on the effect of light and CO2 were reported based on the ‘one at a time
optimization’ technique implemented by using various statistical methodologies (Kim et
al., 2012; Muthuraj et al., 2015). Those reports generally evaluate single optimum values
of light intensity and/or CO. level that are followed in the outdoor culturing as well. And
the applicability of these optimum values could be limited to a very small range of light
intensities only. However, the sunlight is diurnal (continuous light intensity variations from
dawn to dusk) by nature and it has a broad range (0 — 2000 pmol m s2) of light intensities.
Apart from diurnal nature it can also fluctuates due to weather and climatic conditions.
Thus, the lower range and very high range of light intensities under diurnal sunlight may
have other optimum values of CO> levels. For example, a report on Nannochloropsis Salina
suggested that monthly/seasonally CO> variation was required for optimal growth in
outdoor open ponds cultivated throughout the year (Malek et al., 2016). The strategy was
designed based on the monthly varied average sunlight irradiation due to climate. Hence,
real time optimization of CO. would be required for the all the ranges of light intensities
during the diurnally changing sunlight of every day. Prior to the real time optimization

under diurnal light, the determination of inhibiting, optimal, and limiting effects of both
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light and CO2 under constant light intensities (in the range of 0 — 2000 pmol m? s?) is vital
(Pierobon et al., 2016). This would be highly beneficial in understanding the combinatorial

effect of light and CO> during the critical phases of photolimitation and photoinhibition.

1.3 Objectives of the study

Based on the outlined problem statements, current challenges and prospective
requirements for commercial microalgal biomass and biodiesel production, following
objectives were designated for improving the status of research towards a sustainable future
of liquid biofuels. The core intention of the present study is to develop a cost-effective
process design to cultivate lipid rich microalgae for high biomass and biodiesel production
in a customized bubble column photobioreactor with efficient CO, mass transfer and
mixing. Throughout the study, the temperature was not controlled purposefully to decrease

the process economics.
Obijectives of the study were:

I.  Design and construction of unidirectional LED lighting and bubble column

photobioreactor (BC-PBR) with efficient sparging system.

I1.  Effect of light intensity and CO2 on the growth of Chlorella sp. FC2 IITG in
small-scale BC-PBR under LED lighting.

1. Development of a novel real time light intensity based CO, feed strategy for
enhanced Chlorella sp. FC2 IITG biomass production in medium-scale BC-
PBR under natural sunlight.

IV. Design of a novel bubble-driven and self-rotating mixer in BC-PBR for
enhanced biomass and biodiesel productivities of Chlorella sp. FC2 1ITG under

natural sunlight conditions.

TH-2508_146106012



1.4 Uniqueness of the study

The study highlights the optimization of microalgae cultivation for biodiesel
production under diurnal natural sunlight (rather than artificial lighting conditions),
uniquely by reactor design coupled with process engineering strategies that enhance
availability of light and CO, for algae cells.

e In the reactor design, conventional bubble column technology is improved by
installation of custom-made membrane-sparger. The resource material used for
membrane-sparger is abundant, cost-effective, and efficient in CO> mass transfer
compared to available spargers.

e The methodology of process optimization for algae biomass production is prioritized in
finding combined effects of light intensity and CO; instead of convetional ‘one-
variable-at-a-time’ optimization. As a result, a new dissolved CO> based supply
strategy is suggested under simulated diurnal sunlight for optimal algae biomass
production in small-scale PBR systems.

e For scaled-up PBR, a novel light intensity based CO, feed is developed and
implemented under natural sunlight, which yielded unprecedented biomass densities.

e Inaddition to membrane sparging in reactor design, a self-rotating bubble-driven mixer
is customized and installed in the PBR for enhnaced light capturing by algae cells. This
type of bubble-driven mixer in algae cultivation has never been reported in the
literature.

e Other findings of the study suggests reversible photoinhbition, dark-phase growth, and
excellent growth-performance without pH control, altogether exists as unique features

in the experimental microalgae species.
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1.5 Organization of thesis

* Introduction
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Fig. 1.1 Outline of thesis

Chapter 1 summarizes the background and motivation along with the highlighting of
problem statement (bottlenecks of current algae technologies), objectives of the study,

outline of thesis (Fig. 1.1) and experimental approaches followed to accomplish the project.

Chapter 2 reviews the recent scientific literature to contextualize the study against
the global energy perspectives, emergence of renewable fuels, importance of liquid biofuels
(i.e., biodiesel), resources for biodiesel, microalgae as biodiesel feedstock, biology of
microalgae, critical growth factors (e.g., sunlight, CO2, mixing, etc.), mass culturing

systems and the techniques for biodiesel production.
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Chapter 3 outlines materials and methodologies used for equipment prototype
design, experimental setup, and experimental procedures to accomplish the specified

research objectives.

Chapter 4 deals with design and construction of unidirectional LED lighting and
bubble column photobioreactor (BC-PBR) with efficient sparging system for Chlorella sp.

FC2 IITG (referred as FC2 hereafter) growth.

Chapter 5 details the effect of light intensity and CO- on the growth of Chlorella
sp. FC2 IITG in small-scale BC-PBR setup using the customized unidirectional LED

lighting.

Chapter 6 details the development of a novel real time sunlight based CO. feed
strategy for enhanced Chlorella sp. FC2 IITG biomass production in medium-scale BC-

PBR under natural sunlight.

Chapter 7 outlines the design of a novel bubble-driven and self-rotating internal
mixer in bubble column photobioreactor for enhanced biomass and biodiesel productivities

under natural sunlight conditions.

Chapter 8 provides the overall conclusions drawn from all the studies conducted

towards accomplishing the designated objectives.
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Review of Literature

2.1 Global energy scenario — Emerging renewable energy sources

The combined effects of rising global population and industrial revolution since the
19" century, have led to more intensive exploitation of energy sources, primarily obtained
from non-renewable and conventional fossil-based sources like oil, natural gas, and coal.
They utilized largely for transportation, manufacturing industries, and residential energy
demands (IEA, 2019; IEA, 2018b; Shafiei & Salim, 2014). Hence, the energy became an
integral measure/index of a nation’s potential prosperity and economic growth. However,
the fuel analysts have already been warned that the world’s energy consumption could
easily surpass the energy supply in the very near future, unless they are replaced by
alternative renewable energy sources (Owen et al., 2010). From 1973 to 2016, total primary
energy supply was increased from 6,101 to 13,761 Mtoe (IEA, 2018b). When it comes to
2017 and 2018 years, the energy consumption was unprecedentedly higher than the
previous years (Fig. 2.1) (IEA, 2019). In 2018 alone, the world’s total energy consumption
was increased by 2.3%, which is double to average growth rate since 2010. This was mainly
due to robust global economies and increased energy requirements for heating and cooling
in various parts of the world as average winter and summer temperatures were beyond the
historical limits (BP, 2019a; BP, 2019b). The regional increase in the energy consumptions
show that China, USA, India, Europe, and Japan were in first, second, third, fourth, and
fifth places, respectively (IEA, 2019). The contribution of different fuel resources to the
total global energy consumption in 2018 is shown in Fig. 2.2. The fossil fuels accounted

for up to 70% of the global demand, and the demand for natural gas was highest (43.6%).
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The renewables including solar, wind, hydro, nuclear, biomass, and wastes also increased
by double-digit figures, however this rate cannot meet the projected future energy

consumption rates.
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Fig. 2.1 Annual change of global energy demand or consumption from 2011 to 2018. Source:
Adapted from (IEA, 2019)
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Fig. 2.2 Contribution of various fuel energy resources for total energy consumption in 2018. Source:
Adapted from (IEA, 2019)

According to the BP energy outlook 2019, it is estimated that the global energy
demand by 2040 will be increased by a third of current demands. In spite of this increase
in energy demand, the fossil fuel reserves such as oil, natural gas, and coal were depleting
with very faster rates. Based on the current global reserve to production ratios of oil, natural

12
TH-2508_146106012



gas, and coal in 2018, it is predicted that the reserves of oil, natural gas, and coal will be
depleted within a very few years (Fig. 2.3) (BP, 2019b). Due to these rising global energy
demands and fast depletion of fossil fuels, the prices were also increasing very sharply
(Monyem et al., 2001; Sakarika & Kornaros, 2019; Slegers et al., 2011). With reference to
global oil prices, the annual average price in 2018 was US $71.31 barrel, increased from

$54.19 barrel™ in 2017 (BP, 2019b).

Apart from prices, CO2 emissions from fuel combustion has also been increasing
year by year, i.e., 57% increment in 2016 compared to 1990’ CO2 emissions (IEA, 2018a).
The CO; emissions due to high energy demand in 2018 rose by 1.7% (33.1 Gt), which was
70% higher than the average rate since 2010 and highest since 2013 (IEA, 2019). Globally,
the annual average concentration of atmospheric CO, was 407.4 ppm in 2018, greater by
2.4 ppm compared to 2017 figures. Two-thirds of the emissions was attributed to the power
sector (mainly coal-fired power plants), while combustion of other fossil fuels also
increased significantly (IEA, 2018a; IEA, 2019). The increase in CO2 emissions has led to
global warming due to greenhouse effect, thereby higher energy supply for more cooling
requirements in major cities on the earth.

The outlined energy demands and negative environmental consequences have led
to increased exploitation of viable renewable energy sources that could meet the future
energy demands as well as decreasing the CO» emissions. Nevertheless, the solid
biofuel/charcoal for residential heating and cooking remains the largest renewable source,

accounting up to 62.4% of all the renewables (IEA, 2018c).
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Fig. 2.3 Expected time for complete utilization of fossil reserves. Source: Adapted from (BP,
2019b)

According to IEA, renewable energy includes solar photovoltaic (PV), solar
thermal, wind, hydroelectricity, geothermal, wave, tide, ocean, and bioenergy (solid
biofuels, liquid biofuels, biogas, and renewable municipal wastes). There has been a global
focus on developing the renewables since 1990. In the period of 1990 — 2000, most of the
renewables were solid biofuels and hydroelectricity. Whereas the solar, wind, tide, biogas,
liquid biofuels, and municipal waste resources have developed as new renewables since
2001. Currently, the supply and demand of new renewables have been growing very
rapidly. For example in 2018, the renewable energy demand was increased by 4%
compared to the previous year and accounted for nearly a quarter of the total global energy
demand (IEA, 2019), of which electricity generation by renewables contributed to up to
45% of total increase in electricity generation solar PV, wind and hydropower of one-third
and bioenergy of two-thirds. Apart from electricity generation, the bioenergy utilization in
transport was increased by 6% in 2018, mainly from liquid biofuels including bioethanol
and biodiesel. The annual average growth of liquid biofuels production in 2018 was 9.7%,
highest growth since 2010. In the increased growth, bioethanol and biodiesel were
accounted for 56% and 37% of the overall production (Source: BP Statistical Review of

World Energy 2019).
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Currently, renewable energy is the fastest growing energy source that is projected
to contribute over a half of the world’s energy demands by 2040 (Source: BP Energy
Outlook 2019). Based on specific sustainable development scenario, the use of renewables
will have to be increased in all sectors including industry, buildings, and transport in order
to meet the future goals of climate-change, clean air, and modern energy source for “more
energy and less carbon” challenge (IEA, 2019). By 2040, the contribution of renewables in
electricity generation should increase from one quarter to two thirds of the total electricity
generation. In heating and transport sectors also, the renewables should be increased from

10% (2018) to 25% and 3.5% (2018) to 19% by 2040 respectively.

2.2 Biodiesel

The world’s technological advancement has been actively moved towards the
production and development of alternative fuel energy sources for replacing the all the
fossil-based fuels since 1970s (Williams & Laurens, 2010). In search of alternative to fossil
derived petro-diesel, biochemists found a renewable resource like oleaginous (oil-
containing) biomass feedstock that can be used for the production a liquid biofuel called
‘biodiesel’ (Ma & Hanna, 1999; Mittelbach, 1996). The biodiesel is highly beneficial over
petro-diesel in terms of renewability, less toxicity, sulphur-free, and lesser greenhouse
gases production (Aransiola et al., 2014; Coh et al., 2019). The produced biodiesel is tested
according to the ASTM D6751 or EN 14214 standards, such that it can be used directly in
diesel engines by blending with conventional diesel in 5% (B5) or 20% (B20) ratios

(Demirbas & Demirbas, 2010).

2.2.1 Feedstock for biodiesel production

Traditionally, oils/fats derived from edible food sources like vegetable oils and

animal oils have been used for biodiesel production. The sources of vegetable oil mainly
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include food crops like rapeseed, canola, palm, soybean, and sunflower, whereas the animal
oils include beef tallow, sheep tallow, and poultry oils (Antolin et al., 2002; Araujo et al.,
2010; Dias et al., 2008; dos Santos et al., 2019; Hira & Das, 2016; Nunes et al., 2019;
Rashid & Anwar, 2008). These edible food resources were termed as first generation
biodiesel feedstock. Since both the oil feedstock were derived from edible food resources,
the challenge of food crisis may arise in the near future. As a result, second generation
biodiesel feedstock, i.e., non-food crops and waste oils were explored for the production of
biodiesel. In the reported literature, majorly studied second generation feedstock were
jatropha, pongamia, waste cooking, and waste animal oils (Ahmad et al., 2009; Saleh, 2018;
Wang et al., 2018b). However, the production of non-food oil crops poses another future
threat by utilizing arable agricultural lands in large amounts. By this way, the emergence
of non-food crops for biodiesel production could compete with food-crop lands and
ultimately leads the problem of food security for future generations. Hence, both of the 1%
and 2" generation biodiesel feedstock could not be the sustainable sources of renewable

biodiesel.

Simultaneous to the development of first and second generation biodiesel feedstock,
scientists found that some species in algae (a photosynthetic microorganism) are capable
of accumulating lipids/oil in their biomass. Gradually, this algae biomass feedstock has
now emerged as a third generation biodiesel feedstock and marked as a promising
alternative to first and second generation biodiesel feedstock. . They can accumulate lipids
up to 50 — 60 % of the biomass weight (dry weight basis), depending on the growing
conditions. Most importantly, the cultivation of algae does not need arable land areas and
their growth rates are far higher than food or non-food oil crops. They are also highly
efficient in performing photosynthesis and are capable of producing more biodiesel per

land area compared to the any other biodiesel feedstock available till date (Fig. 2.4).
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Though algae-biodiesel feasibility was debatable (discussed in later section), algae is the

superior source of biodiesel without any question.

Table 2.1 An overview of merits and demerits of three generation biodiesel feedstock. Source:
(Banerjee et al., 2019; Williams & Laurens, 2010)

Biomass
Generation feedstock Merits Demerits
Food based Very  well  established Compete with regular
oil crops and technology agricultural lands, leading
animal oils, Biodiesel produces lesser increase in food prices
.9, pollutants than petro-diesel and food crisis.
First soybean, Production facility can be Long periods of yield and
sunflower, easily managed with regular low growth rates.
palm,  beef farming knowledge Seasonal variations in
and  sheep production outputs
tallow, etc. Not sustainable for future
generations
Non-food oil Produced biodiesel may Can compete with arable
crops and affect engine life lands and cause food
waste  oils, Requires lesser water and crisis
Second eg., nutrition than food crops Long (years) periods of
pongamia, Able to grow in less fertile productivity/yields
jatropha, soils also Seasonally varied outputs
waste Waste valorization Technology is still need
cooking oils, Production facility can be to be developed to
etc. easily managed by farmers maximize yields.
Not sustainable for future
generations
Produces lesser pollutants Comparatively, high cost
than petro-diesel of production technology
Highest yields and Feasibility is yet to be
productivities achieved
Higher growth rates Efficient biomass
) Very high photosynthetic cultivation systems are
Third Algae efficiency than oil crops. yet to be developed

Voracious appetite of CO,
Able to grow on non-arable
lands or even in marine,
brackish and waste waters
Best available feedstock for
‘More energy’, ‘less carbon’
scenario.

Highly sustainable source.
Immense scope for
biorefinery development.

Biomass to biodiesel
extraction,  conversion,
and production

technologies are still in
establishing stage.
Technical labor is
required to manage the
production facilities.

TH-2508_146106012
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Fig. 2.4 Annual areal biodiesel productivities (L ha™ year™) of various biodiesel feedstock.
Source: (Chisti, 2007)

2.2.2 Conversion chemistry and associated technologies

Oleaginous biomass (either of plant or algae) possesses most of the oil in the form
of lipids / triglycerides, which are the precursors of the biodiesel (Demirbas, 2002;
Issariyakul & Dalai, 2014). After the systematic extraction of lipids from the biomass
(discussed in section 2.12.2), the triglycerides are converted into fatty acid methyl/ethyl
esters using methanol/ethanol solvent in the presence of chemical or biological catalysts
like NaOH, H.SO4 and/or lipase enzyme, known as transesterification reaction. The
mixture of fatty acid methyl/ethyl esters (biodiesel) having lower viscosity than mixture of
triglycerides can serve as alternative fuel to conventional diesel engine. The reaction
requires 3 moles of methanol or ethanol to 1 mole of triglyceride (oil) to yield 3 moles of
methyl esters and 1 mol of glycerol (Fig. 2.5) (Demirbas, 2003; Li et al., 2018). The
conversion efficiency of the biodiesel yield depends on reaction temperature, pressure,
molar ratio of alcohol to triglyceride, water content, and free fatty acid content (Demirbas,
2008). In the industries, 6 moles of excess methanol is used to ensure the reaction

equilibrium towards the formation of biodiesel (Fukuda et al., 2001). There are mainly four
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methods of transesterification reaction has been followed for the production of biodiesel,

I.e., catalytic, non-catalytic, microwave-assisted, and ultrasound assisted technologies.

o] (|)

I : — ) —
Cr—O=E=LYy HCH ot G 1) T =l
| o] CTTTT o" T | |

Il NaOH/H,SO, Il ;
CH—O—C—R, {Il:l 3.CH;— OH —— = 'CH,— C— R, ! 4} CH—O— OH
| o Lipase B :.:.:.:.:b:: == |

I I | o
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Fatty acid methyl esters
Triglyceride/oil Methanol = (FAME)y Crude glycerol
BIODIESEL

Fig. 2.5 Transesterification reaction for the synthesis of biodiesel from triglycerides extracted
from any oleaginous biomass feedstock.

2.2.2.1 Catalytic transesterification

In catalytic transesterification method, homogeneous catalysts like H,SO4, NaOH,
and KOH and heterogeneous catalysts like enzymes, CaO, and MgO have been widely
studied (Bhuiya et al., 2016; Demirbas, 2008). Homogeneous catalysts include acids like
methanolic HCI, Fe2(S04)3, sulfonic acid, and methanolic H>SO4 and alkali like metal (e.g.,
Na or K) alkoxides, hydroxides, and even carbonates. Though acid-catalysed method offers
better conversion while there is a presence of high water or free fatty acids contents, base-
catalysed method is advantageous due to their faster reaction times, i.e., 4000 times more
than the acid-catalysis (Cavonius et al., 2014; Juan et al., 2011). However, several
challenges like unwanted soap formation due to higher free fatty acid content, high
separation costs, and large amounts of waste water generation are associated with both of
the homogeneous catalysts. Hence, the oils/lipids containing >1% of free fatty acid content
are transesterified using heterogeneous catalysts (Macedo et al., 2006). The heterogeneous
catalysts are less corrosive, environmental-friendly, operable with continuous processes,
and viable to reuse and regenerate. Specifically the enzyme, lipase-catalysed
transesterification would not affected by high water content or high free fatty acid content.

Nevertheless, the enzyme-catalysis has not yet been commercialized due to their slower

19
TH-2508_146106012



reaction times, alcohol inhibition, and high lipase costs. Currently, NaOH or KOH are the
most preferred catalysts for transesterification of lipids/oil to produce biodiesel due to their

low-cost, lesser reaction times, and high reaction rates compared to other catalysts.
2.2.2.2 Non-catalytic transesterification

Non-catalytic methods like supercritical alcohol and BIOX co-solvent processes
have been studied to overcome the separation costs and energy requirements associated
with the catalytic transesterification methods (Chauhan et al., 2020; Demirbas, 2002). As a
supercritical alcohol, methanol, ethanol, propanol, and butanol were widely reported for
biodiesel production from various sources ranging from 1% to 3 generation biodiesel
feedstock (Demirbas, 2002; Farobie et al., 2016; Sun et al., 2014; Tobar & Nufiez, 2018).
In this supercritical alcohol transesterification process, the solvent is exposed to high
pressure and temperature above its critical point such that single-phase of oil/alcohol
mixture reacts with each other to form biodiesel that can be purified very easily unlike the
conventional (catalytic) transesterification process. Moreover, the process facilitates the
solubility of oil/alcohol mixtures by decreasing the mass transfer limitations thereby
increases reaction rates and lowers the reaction time. The process is generally carried out
at pressure of 35 — 60 MPa and temperature of 525 — 675 K that brings the conversion
efficiency up to 50 — 95% for the first 10 min of reaction time (Abbaszadeh Mayvan et al.,
2012; Demirbas, 2003; Kusdiana & Saka, 2001). In order to lower the demand of alcohol,
temperature and pressure in the process, some additional co-solvents such as CO2, hexane,
propane, CaO, and subcritical alcohols were also used several reports (Borugadda & Goud,
2012; Vyas et al., 2010). However, the supercritical alcohol transesterification is currently
not viable to scale-up because of the cost of apparatus, operations, and very high alcohol/oil
ratios (~ 42) (Bhuiya et al., 2016). Another non-catalytic method known as BIOX co-

solvent process (patented technology) involves esterification of free fatty acids followed

20
TH-2508_146106012



by transesterification of triglycerides in single-phase reaction due to addition special co-
solvents i.e., tetrahydrofuran or methyl tertiary butyl ether. The process is capable of
running continuously at near-ambient temperature and atmospheric pressure along with the

recycle and reuse of co-solvent.

2.2.2.3 Microwave-assisted and ultrasound-assisted transesterification

The application of microwave and ultrasound techniques were explored as
alternative energy to overcome the problems with conventional transesterification process
(Patil et al., 2011; Tan et al., 2019). The use of microwaves offers heat energy by oscillating
polar ends of molecules of bi-phasic solvents (alcohol/oil mixture) that results in the
increase of biodiesel yield. However, the safety issues and scale-up are the major challenges
of microwave-assisted transesterification. On the other hand, ultrasonic irradiation
improves the mass transfer between the two-phase heterogeneous systems and thereby
facilitates the reaction to occur at lower temperature with lesser amounts of oil and alcohol.
It also offers good mixing of bi-phasic system and helps in attaining activation energy
sooner than the conventional methods. Thus, the reaction rates and yield of biodiesel can

be greatly improved by using ultrasound-assisted transesterification.

2.2.3 Key properties of biodiesel defining fuel quality

Based on the composition of the fatty acids present in the biodiesel, the quality of
the oil/fuel varies and it can be assessed in terms of iodine value (IV), saponification value
(SV), cetane number (CN), degree of unsaturation (DU), higher heating value (HHV),
kinematic viscosity (v), density (p), flash point (FP), cloud point (CP), pour point (PP), and
cold filter plugging point (CFPP). The biodiesel produced from any biomass feedstock
should comply with the standard values given by American Society of Testing and
Materials (ASTM) or European Norms (EN) (Table 2.2).
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Table 2.2 Physico-chemical properties of plant and algae biodiesel in comparison with
conventional diesel and biodiesel standards based on American standards (ASTM D-6751),
European standards (EN 14214/13) and Indian standards (IS 15607)

Property ASTM EN IS Petroleum Plant Algal
D6751- 14214: 15607: Diesel biodiesel biodiesel
12 2012 2005 * ** ol
IV [g 12 (100 g 0il)™] ND <120 ND ND ND ND
SV [mg KOH (g oil)!] ND ND ND ND ND ND
CN >47 >51 >51 51 45-70 41-61.4
DU ND ND ND ND ND 06-16
HHV (MJ kg™) ND >35(EN - 45.9 31.8 38
14213) —43.2 —-41.5
v (mm? s, 40 °C) 19-6 35-5 25-6 12-35 3.6-49 4.18 -
5.07
p (gcm?3, 15 °C) ND 0.86 0.86 0.83 0.85 0.85
-0.90 -0.90 —-0.84 —-0.88 —-0.89
FP (°C) >93 >101  >120 ND ND ND
CP (°C) Report  Depend ND -15— +1- -2.3—
on region +5 +13 +17
PP (°C) ND ND ND -35 - -16 — ND
-15 +9
CFPP (°C) ND <+5 ND ND ND ND
(summer)
<-15
(winter)

IV-iodine value, SV-saponification value, CN-cetane number, DU-degree of unsaturation, HHV-
higher heating value, v-kinematic viscosity, p-density, FP-flash point, CP-cloud point, PP-pour
point and CFPP-cold filter plugging point.
*(Brennan & Owende, 2010)
**(Paul & Adewale, 2018; Singh et al., 2010)
***Data was given from 10 algal strains, (Song et al., 2013).

lodine value (1V) is an indirect measurement of unsaturated bonds in the biodiesel,
which expressed as grams of iodine required for iodizing all the double bonds present. The
higher the degree of unsaturation, the higher is the NOx emissions in combustion (Knothe

et al., 2006).

Cetane number (CN) is a measure of combustion quality of biodiesel fuel, which
signifies the ignition time delay after the fuel is injected into combustion chamber. For

shorter time of ignition, the cetane number should be higher. Based on the composition of
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fatty acids, the CN increases with the increase in saturation and decreases with the decrease

of total carbon atoms in the biodiesel (Bharti et al., 2019).

Saponification value (SV) is determined by reacting the alcoholic KOH with the
biodiesel sample in order to saponify the biodiesel and expressed as mg of KOH required
for saponify 1 g of biodiesel oil. The SV signifies the average molecular weight of the

produced biodiesel as KOH reacts with every acyl group in the biodiesel sample.

Higher heating value (HHV) is another measure and comparison of produced
biodiesel with standard biodiesel (EN 14213). It is the total heat energy released after the
full combustion of the biodiesel, include the cool down of products to the room

temperature.

Density of biodiesel is very important biodiesel property that must be within the
limits suggested by the ASTM and EN standards. The diesel engines were designed in such
a way that the fuel is injected in a certain volumetric ratio of air/fuel, but not by mass ratio.
If the density of biodiesel or its blend is inappropriate, the particulate matter emissions are
released as white smoke due to incomplete combustion (Ismail & Ali, 2015). The kinematic
viscosity of biodiesel mainly depends on the source of biodiesel production, whose value
must be low for better engine operations. If the viscosity is higher than the standard limits,
engine deposits can occur. Ideally, lower viscosity along with the higher degree of
unsaturation is favourable for better performance of engine. The FP is the temperature at
which the biodiesel gets ignited after the impulse of a spark/flame. This value should be

high enough to reduce the risks of fire accidents.

Finally, the quality of biodiesel can be can be characterized its flow properties at
colder temperatures i.e., applicability in winters and colder regions. The cold flow

properties can be expressed as CP, PP and CFPP. The CP is the temperature at which the
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biodiesel started to form crystals and looks like cloudy for first time. At the CP, the engine
pipelines and combustion chamber start clogging. After the CP, the biodiesel can still flow
through certain standardized filters up to a specific colder temperature called CFPP. CFPP
is the lowest possible temperature at which the biodiesel or its blend can be used operate
the diesel engine. Below the CFPP, the biodiesel get totally freezes at a temperature known
as PP, where the engine cannot be run at all. High degree of saturation in the biodiesel can
increase the cloud points as saturated ones have higher melting points compared to the

unsaturated fatty acids.

2.3 Overview of microalgae as biofuel resource

2.3.1 History, algae biology and classification

Billions of years ago, there was no life on the planet Earth due to high CO> levels
in the atmosphere. Hence, it was believed that the life was started with cyanobacteria and
algae, the primitive photosynthetic organisms that are able to perform all of their cellular
functions independently (Barsanti & Gualtieri, 2014; Demirbas & Demirbas, 2010). These
fast growing photosynthetic organisms absorbed all the high levels of CO2 and released O>
into the atmosphere, resulting the continuous evolution of life on the Earth. In fact, most of
the fossil fuels were formed from ancient dead remains of oleaginous algae, bacteria, and

plants that performed photosynthesis several million years ago (Bilanovic et al., 2009).

The term, ‘algae’ was coined by Carolous Linnaeus (1753) and the recognition of
algae as different from the plants was given by A. L. de Jussieu (1789). He classified the
plants and separated the algae from the plants (Sahoo & Seckbach, 2015). Algae are
referred as thallophytes since they lack in true roots, stem, leaves, and vasculature and does
not contain differentiated tissues unlike plants. The typical structure of algae cell and its

organelles is illustrated in the Fig. 2.6. Algae include both microalgae (unicellular) and
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macroalgae/seaweeds (multicellular and more complex forms). The size of microalgae
ranges between 0.2 — 50 um of diameter and macroalgae grows up to 60 m of length
(McHugh, 2003). They exist in both terrestrial as well as aquatic environments very
commonly. According to a recent estimation, 72,500 species of algae exist on the earth (Li-
Beisson et al., 2019). Similar to the plants, algae also primarily require sunlight, water and
CO; for their survival. In order to regenerate their population, algae follow asexual or

sexual or both the ways.

Chloroplast envelope Cell wall

Chlorophyll & carotenoids Cell membrane

Lipid globule

Thylakpigs (useful for biodiesel production)

Chloroplast

Smooth endoplasmic reticulum
Mitochondria

Vacuole

Golgi apparatus

Nucleus

Rough endoplasmic reticulum

Fig. 2.6. Structure of an algae cell.

Carolous Linnaeus, the first person who classified plants based on their sexual
system, proposed 14 genera of algae. However, four of those genera are now considered
as algae i.e., Conferva, Ulva, Fucus, and Chara (Dahl, 1974). W.H Harvey (1836) was the
first algologist who gave first descriptive classification of algae. He divided the algae into
four groups on the basis of the thallus colour. Since then, many classifications have been
proposed based on a number of characteristics like photosynthetic pigments (chlorophylls,
carotenoids, phycobilins), biochemical nature of food reserve, cell wall composition, and

flagella. A. W. Eichler (1883) classified plants and formed a new division of thallophyta
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for algae and fungi (Baweja & Sahoo, 2015). Engler and Prantle also grouped the algae and

fungi together into Euthallophyta (Engler et al., 1897). West classified algae into four

groups depending upon the reproductive structures and the presence or absence of flagella

(West, 1916). Furthermore, A. Pascher also divided algae into eight divisions on the basis

of phylogeny and interrelationships among various groups (Pascher, 1931). Besides, J. E.

Tilden classified algae into five classes based on reserve food material, pigmentation and

flagellation (Baweja & Sahoo, 2015).

Table 2.3 Classification of algae. Source: (Baweja & Sahoo, 2015; Fritsch, 1935)

Common name Class Order

Green algae Chlorophyceae Volvocales,  chlorococcales,  ulotrichales,
cladophorales, chaetophorales, charales
oedogoniales, conjugales, sipohonales,

Yellow-green algae Xanthophyceae Heterochloridales, heterococcales,
heterotrichales, heterosiphonales

Orange algae Chrysophyceae Chrysomonadales, chrysophaerales,

Diatoms / yellow or
golden brown algae
Nearly brown algae
Dark-  yellow or
brown algae

Bright green algae
Euglenophyceae

Brown algae

Red algae

Cyanophyceae, blue

green algae

Bacillariophyceae

Cryptophyceae
Dinophyceae

Chloromonadineae
Euglenophyceae

Phaeophyceae

Rhodophyceae

Myxophyceae

chrysotrichales
Centrales, pennales

Cryptomonadales, cryptococcales
Desmomonadales, thecatales, dinophysiales,
dinofl- agellata, dinococcales, dinotrichales
Chloromonadales

Divided into families-

Euglenaceae, astasiaceae, peranemaceae
Ectocarpales, tilopteridales,
cutariales,sporochnales,
desmarestiales, laminariales,
dictyotales, fucales

Bangiales, nemalionales,
cryptonemiales

Gigartinales, rhodymeniales, ceramiales
Chroococcales, chamaesiphonales,
pleurocapsales

nostocales, stigonemales

sphacelariales,

gelidiales,

Finally, F. E. Fritsch (1935), known as father of phycology gifted a widely

acceptable and comprehensive algal classification into 11 classes (Table 2.3). This

classification was based on algal pigmentation, chemical nature of the reserve food
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material, arrangement of flagella, presence or absence of organized nucleus and mode of
reproduction (Fritsch, 1935). He gave importance to living forms of algae rather than the
fossil forms. For biodiesel production from algae, several species belonging to various
genera have been studied and reported by researchers (Abou-Shanab et al., 2011; Mutanda

etal., 2011)

2.3.2 Biochemistry of photosynthesis and lipid biosynthesis

The bio-manufacturing of biodiesel precursor (lipids/triacyglycerols) by algae can
be explained by occurrence of synergistic phenomena, i.e., CO> fixation via photosynthesis
followed by lipid biosynthesis inside the algae cell. Photosynthesis is the process that
occurs in plants and algae, helps in preparing their own food molecules using water, CO»
and light energy. In plant or algae cells, photosynthesis is performed in a special
photosynthetic structure known as chloroplast (Fig. 2.6). A typical photosynthesis
mechanism is illustrated in Fig. 2.7. Inside this chloroplast, thylakoid membrane sacs
containing light-harvesting pigments like chlorophyll, carotenoids, and phycobiliproteins
are the actual members that initiates the whole process of photosynthesis, preparing food
molecules and growth. In order to perform their respective functions, each pigment absorbs
a different set of wavelengths that are available in photosynthetic active radiation (PAR,
400 — 700 nm) of sunlight irradiation. Chlorophyll pigment mainly absorbs red and blue
colours and thus appears in green colour (typical colour of green algae and green plants).
Primarily two types of chlorophylls known as photosystem | (PSI) and photosystem 11
(PSII) participate in absorbing the sunlight energy (Fig. 2.7). The maximum absorption

wavelengths of PSI and PSII are 700 and 680 nm respectively.
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Fig. 2.7 llustration of a typical C3 photosynthetic process in algae or higher plants prior to
biosynthesis of sugars, amino acids, and lipids. Dotted arrows represent electron/proton transport
chain.

The process of photosynthesis can be divided into two reactions called light-
dependent reaction and light-independent reaction (dark reaction or Calvin cycle). During
the light-dependent reaction, the PSII reaction centre catalyses splitting of water molecule
into O2 and proton gradient (H* ions) with the help of photon energy from light, an
exothermic reaction (2H20 = 4H" + O, + 4¢") that generates electrons and protons leading
to the synthesis of ATP and NADPH for carbohydrate synthesis during the dark reaction
(Fig. 2.7). The electron transport chain donates half of the electrons to plastoquinone and
transfers another half via cytochrome be/f complex to the site of PSI (a redox enzyme),
where NADP* is reduced to NADPH with the help of ferredoxin/ferredoxin NADP*
reductase complex and creates an extra proton gradient in thylakoid membrane that drives
ATP synthase to synthesize ATP from ADP. The newly formed NADPH and ATP is
utilized as energy source for the fixation of CO2 into 3-phosphoglycerate, precursor of
acetyl CoA that leads to TCA cycle and fatty acid biosynthesis (Fig. 2.7 and 2.8). Since the
3-phosphoglycerate is a 3-carbon compound, algae was known to follow C3

photosynthesis. However, some marine algae species were shown existence of C4
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photosynthetic pathway in their systems. For example, Ulva prolifera, Udotea flabellum,
Macrocystis integrifolia and many species of brown algae were known to fix CO; via C4

photosynthetic pathways (Kremer Bruno, 1981; Reiskind & Bowes, 1991; Xu et al., 2012).
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Fig. 2.8 An overview of fatty acid biosynthesis pathway coupled with tri-carboxylic acid cycle and
Calvin cycle. ACCase acetyl-CoA carboxylase; ACP acyl carrier protein; CoA coenzyme A;
DGAT diacylglycerol acyltransferase; ENR enoyl-ACP reductase; FAT fatty acyl-ACP
thioesterase; GPAT glycerol-3-phosphate acyltransferase; HD 3-hydroxyacyl-ACP dehydratase;
KAR 3-ketoacyl-ACP reductase; KAS 3-ketoacyl-ACP synthase; LPAAT lyso-phosphatidic acid
acyltransferase; LPAT lyso-phosphatidylcholine acyltransferase; MAT malonyl-CoA ACP
transacylase; 3PGA 3-phosphoglycerate; G3P glyceraldehyde-3-phosphate; G6P glucose-6-
phosphate; PDH pyruvate dehydrogenase.

In lipid accumulating algae species, the biosynthesis of lipids or tricayglycerols
follows almost similar pathway that exists in higher plant cells (Hu et al., 2008; Maraschin
et al., 2019). The formation of malonyl-CoA from acetyl-CoA via acetyl CoA carboxylase
enzyme is the rate determining step towards the free fatty acid synthesis in chloroplasts or
plastids, thereby lipid synthesis in cytosol as well (Fig. 2.8). Acetyl(C2)-CoA can be
available from various metabolic pathways and it is metabolized into malonyl(C3)-acyl

carrier protein (ACP) by the action of malonyl-CoA:ACP transacylase on malonyl-CoA.
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Subsequently, acetyl-CoA and malonyl-ACP act as primary substrates and acetyl donor

units for the initiation of fatty acid synthesis.

Table 2.4 Lipid contents (% of dry weight) of various microalgal strains (Mutanda et al., 2011; Um

& Kim, 2009).
Algae species Lipid content (% of biomass weight)
Anabaena cylindrical 11
B. braunii 25-75
C. vulgaris 14-22
Chlorella pyrenoidosa 2
Chlorella sp. 28-32
Chlamydomonas rheinhardii 21
Dunaliella bioculata 8
Dunaliella salina 6
E. gracilis 14-20
Prymnesium parvum 22-39
Tetraselmis maculata 3
Scenedesmus obliguus 12-14
Scenedesmus quadricauda 1.9
Scenedesmus dimorphus 16-40
Spirogyra sp. 11-21
Spirulina maxima 6-7
Schizochytrium sp. 50-77
Isochrysis sp. 25-33
Spirulina platensis 4-9
Synechoccus sp. 11
Tetraselmis sueica 15-23
Chaetoceros muelleri F&M-M43 33.6
Chaetoceros calcitrans CS178 39.8
Monallanthus salina >20
Monodus subterraneus UTEX151 16.1
Nannochloropsis sp. 31-68
Neochloris oleoabundans 35-54
Nitzschia sp. 45-47
Pavlova salina CS49 30.9
Pavlova lutheri CS182 35.5

Firstly, acetyl-CoA and malonyl-ACP are metabolized into butyryl (C4)-ACP
through a series of reactions e.g., condensation, decarboxylation, and reduction to produce
a fatty acid chain. The fatty acid chain is elongated by adding C2 saturating carbon units

via addition of malonyl-ACP to form saturated acyl-ACP up to acyl(Cis — Cig)-ACP.
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Secondly, free fatty acids are synthesized by removing ACP from the acyl(C1s — C1s)-ACP.
For this reason, fatty acids of Ca, exist in high amounts in the organisms though the fatty
acids of Con1 are also synthesized from fatty acids of C2n by losing a carbon. The free fatty
acids synthesized in the chloroplast are then excreted into cytoplasm for further synthesis
of very long fatty acids or formation of glycolipids, phospholipids, glycerolipids and
triacylglycerols (TAGs). The elongation of fatty acid chain beyond the C1g carbon number
takes place in endoplasmic reticulum that follows almost similar pathway in the chloroplast,
however the excreted acyl-CoA and malonyl-CoA are act as substrates for synthesizing
very long fatty acid chains of C2o — C24 (Baba & Shiraiwa, 2013; Kunst & Samuels, 2009).
For example, fatty acids like eicosapentaenoic acid (C20:5®w3), docosahexaenoic acid
(C22:6w3) and arachidonic acid (C20:4w6) are the long fatty acids that have huge
importance in food and drug industries. The popularity of algae for biodiesel was actually
due to the accumulation of TAGs (storage lipids), having majority of C1s —Cis fatty acids.
Typically, microalgae have the capability of accumulating total lipid contents from 1 — 85%
of dry weight depending on the nutritional status and stress conditions (Chernova &

Kiseleua, 2017). The lipid contents of various species of algae are shown in Table 2.4.

2.4 Nutritional modes of algae growth

The characteristics of algae growth, lipid induction and fatty acid profile of
biodiesel highly depends on the growing conditions or mode of cultivation it experiences.
Four modes of cultivation may be followed based on the sources of energy and carbon.
They are namely photoautotrophic, heterotrophic, mixotrophic and photoheterotrophic
propagation modes (Benavente-Valdés et al., 2016; Josetespardellier et al., 1978). In
photoautotrophic propagation, light (e.g., sunlight, artificial lighting) and inorganic carbon
source (e.g., CO>) are used (Gouveia et al., 2009; Guo & Tong, 2014; Illman et al., 2000).

In heterotrophic mode, organic carbon sources (e.g., sugars and organic acids) are used as
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sole energy as well as carbon source in the absence of light (Rattanapoltee et al., 2008;
Tian-Yuan et al., 2019). Generally, heterotrophic cultivation is carried out in closed
environments, e.g., stirred-tank bioreactors. In mixotrophic cultivation, the algae utilizes

both CO> and organic carbon with light as the sole energy source.

2.5 Salient growth factors of algae in photoautotrophic cultivation

2.5.1 Nutritional medium

Microalgae require a range of growth nutrients for their growth in addition to the
light energy and CO: involved in the photosynthesis process. Nitrogen and phosphorus
sources are the two key nutrients that can be manipulated for achieving high growth rates
of algae as they are the main sources of protein and nucleic acid biosynthesis. Other
essential nutrients include S, Ca, Mg, Na, K and Cl. These are responsible for cell-
signalling mechanisms and act as cofactor of some enzymes involved in cell-division,
replication and photosynthesis (Pruvost et al., 2011). Some minor nutrients like Fe, B, Mn,
Cu, Mo, Co, Ni, Si and Se are also vital for specific enzymatic functions required for
maintenance of the cells. Depending on the natural occurrence or source of isolation, the
requirements in the nutritional medium varies. For example, marine algae are maintained
under salinity conditions by providing NaCl, diatoms require Si as it is the major constituent
of cell wall and most of the fresh water algae does not require the above nutrients at all.
Therefore, the selection and optimization of nutritional medium for cultivation has been
reported as foremost and basic step in the process engineering of newly isolated microalgae.
Statistical techniques have made the optimization of nutritional medium very easy

(Muthuraj et al., 2015).

For lipid induction for biodiesel production from a potential oleaginous microalgal

strain, the lipid content (% of DCW) can be increased by limiting some of the nutrients like
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N or P. Basically, three modes of nutrient supply, i.e., nutrient-sufficient, nutrient-limited
and nutrient-deficient have been proposed for achieving higher production of lipids in the
algal biomass (Rodolfi et al., 2009). In nutrient-limited supply, the algae cells are provided
with a constant but insufficient supply of a nutrient such that the cells get adapted to it. This
nutrient-limited supply is also used to evaluate the yield coefficients of crucial nutrients
while designing chemostat operational modes. Whereas in the nutrient-deficient supply, an
essential nutrient/s are not provided for creating stress environment inside the cell
metabolism for shifting all the metabolism towards the production of interested

compounds.

2.5.2 Effect of light intensity

Light intensity is one of the most crucial growth factors that drive the whole
photosynthetic process of microalgae growth and is responsible for the overall cellular
metabolism, cell cycles and growth. For a commercially feasible biomass production,
microalgae cultured under natural sunlight is desirable (Wang et al., 2014). The growth of
microalgae increases with the increase in light intensity irradiation as there would be a
proportional generation of electron transport chain that drives the preliminary light reaction
of photosynthetic process. However, depending on strain, the algal cells experience light
saturation beyond a certain limit of light intensity range (Mussgnug et al., 2007). The
evaluation of this saturation range of light intensity is vital for growth process design. The
photoinhibition refers to the inhibition of the PSII activity when photosynthetic organisms
are exposed to high light intensities. In classical terms, high light intensities induce the
production of reactive oxygen species, which are highly unstable and thus damages the
photochemical reaction centre at PS 11, the preliminary step of photosynthesis becomes the

primary target of photoinhibition (Murata et al., 2007).
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Another evidence from molecular biology studies confirms that it can be directly
related to the damage and recovery of D1 protein in PS Il (Han, 2002). Recovery of D1
protein is directly proportional to its damage. When the rate of damage of D1 protein
exceeds the rate of recovery, then PS Il is said to be in inhibitory state, but at the same time,
the inhibition of net photosynthesis cannot be attributed to high light intensities alone

(Pope, 1975).

In other way, the concentrations of dissolved oxygen (DO) and/or dissolved CO>
(dCO2) could shift the saturated light intensity (depends on strain), thereby decides the
occurrence of photoinhibition. For example, increment of dissolved oxygen (DO) due to
photosynthesis can decrease saturating light intensity lower than typical range (Pope,
1975). Other report on Lolium perenne L. (perennial ryegrass, plant species) suggested that
the range of saturated light intensity was significantly increased with increasing CO: partial
pressure (Wilson & Cooper, 1969). Therefore, the interplay between these process
parameters should be well understood in the indoor/laboratory experiments before taking
the process directly to the outdoor sunlight. For determining the saturated light intensity for
a specific microalgae species, indoor experimental studies under mimicked/simulated
outdoor sunlight conditions is necessary for avoiding the unexpected weather (short-term
fluctuations in atmosphere) and climatic (long-term variations of weather) conditions. Also,
the experiments under simulated sunlight are repeatable. Simulation of sunlight in the lab
environment can be achieved by using light emitting diodes (LED) technology, which have
already been proven for green houses and horticulture experiments (Darko et al., 2014;

Ergil, 2014).

2.5.3 Carbondioxide supply and feed strategies

Carbondioxide is the major carbon source for photoautotrophic growth of

microalgae. As photoautotrophic cultivation is the only feasible method for large-scale
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production of microalgae, the supply, availability and influence of CO: is crucial for
understanding and developing an efficient CO feed strategy. The dissolved CO> (dCOy) is
an important parameter to be considered during the growth of microalgae for obtaining the
CO. uptake rates by the cells. The CO> uptake rates in turn depends on the overall mass
transfer coefficient (K, aco,) and supply rate of CO2. The supply rate of CO> should be
increased upon growth of microalgae due to increasing CO. uptake rates. However, the
CO2 should not reach levels such as to inhibit photosynthesis, hence, growth of microalgae

(Kunjapur & Eldridge, 2010).

The CO- level (% in air) at which the inhibition occurs can vary with microalgae
strain. For example, the strains of Chlorella sp. KR-1 and Scenedesmus obliquus showed
their highest biomass titers at 10% and 15% CO» levels (% in air) respectively
(Kaewkannetra et al., 2012; Sung et al., 1999). Therefore, the CO> levels in the range of
inhibition or tolerance should be determined at early stage in process development. The
minimum CO; required for specific biomass concentration referred to as critical dCO-
concentration. It depends on the CO> supply and its mass transfer rate, CO affinity of the
species, growth rate, cell size and shape of organism. When the microalgal strain is
specified, CO2 supply and CO. mass transfer are the two areas of technology improvement.
Several CO; supply strategies such as constant feed of predetermined optima, biomass
density based feed, and pH control based feed have been studied for microalgae cultivation
(Chen et al., 2016; Duarte-Santos et al., 2016; Guo et al., 2015; Singh & Singh, 2014; Sung

et al., 1999; Tang et al., 2011).

Although the above strategies are well-studied and widely reported for outdoor
culturing of algae, the process economics for achieving commercial success of algae is still
a major challenge. In constant feed, the maintenance of optimum CO2 level (generally
determined under constant lighting) cannot be applicable to the wide range of light
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intensities observed in sunlight. The biomass density based feed where the CO; levels are
increased upon growth would not be sustainable after reaching certain biomass density due
to inevitable light limitation. In pH control based feed, usually performed at constant pH
set point, CO> feed strategy do not account the CO. uptake rates. Therefore, some novel
CO. feed strategies coupled with cost-effective photobioreactor technology is necessary
towards achieving high cell density and high biomass productivity required for scale-up to
commercial viability. Current literature does not include the coupling of CO2 supply, DO
and light intensity for better understanding of the interplay between them. However, the
reports related to the effect of light intensity, partial pressures of CO2 and O. on plant
physiology provide leads to better understanding of the green algae physiology as both
systems follow the C3 photosynthetic pathway. On this basis and the sunlight’s diurnal
nature (variation of light intensities from dawn to noon and noon to dusk), a CO; feed
strategy for high photosynthetic rates can be developed by decreasing CO> levels during
the low light conditions instead of maintaining CO: level throughout the day. At the same
time, the CO; levels higher than the CO: level at low light should be followed at high light

conditions for better photosynthetic performance compared to the constant CO. feed.

2.5.4 Design of microalgae cultivation system

For a successful design of process and technology for algae biomass production,
the mass culturing system should be cost-effective and suitable to capture the sunlight
efficiently. It is the techno-economic decisive leg in life-cycle assessment of Algae — Diesel
plant for commercial production scale. First attempts for production of liquid fuel from
Diatomeae were made in Germany during World War 2, which led to the production of
Scenedesmus and Chlorella biomass from the waste CO; of industrial zones (Chisti, 2007).
Since light energy is the major growth factor for microalgae, the ideal cultivation system
should have more surface area for sunlight absorption and distribution. Therefore, an algae
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cultivation technology should maximize the surface area to volume ratio (S/V). This is the
reason why the geometry of algae cultivation systems looks very different from the
conventional bioreactors where light does not play any role. In the present scenario of large-
scale algae cultivation, open ponds and enclosed photobioreactors like vertical tubular,
horizontal tubular and flat panels are scalable systems that have been extensively studied.
Depending on the biomass requirements and to enhance growth rates, these cultivation
systems can be operated in various operational modes, e.g., batch, fed-batch, semi-

continuous and continuous modes of operation.

2.5.4.1 Artificial open ponds

The most practiced cultivation systems are artificial open ponds due to their
economic feasibility, easy installation and maintenance. They include shallow big ponds,
tanks, circular ponds and raceway ponds. Open ponds are mostly equipped with baffles and
paddle-wheels for better mixing (Xu et al., 2009). The depth of pond is one of the most
important consideration while manufacturing artificial open ponds. The pond should be
shallow enough such that it can absorb sufficient amount of light for the growing culture
as well as it should be deep enough to promote the mixing and minimizing the evaporation.
Open raceway ponds operated at water depths of 15 — 30 cm using paddle wheels for
mixing. The schematic of a basic open pond cultivation system is shown below (Fig. 2.9).
The major disadvantage is the susceptibility to contamination, i.e., monoalgal culturing
becomes highly difficult as other competitive microorganisms or predators often

contaminates the ponds. In addition to that, poor biomass productivity and inability to
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control the process parameters has necessitated the consideration of alternative algae

cultivation technologies such as photobioreactors.

Flow direction Paddle

Inlet

(Gas sparging
Outlet

Fig. 2.9. A schematic of an artificial open pond for microalgae cultivation

2.5.4.2 Scalable photobioreactor technologies

Due to the low biomass productivities and contamination issues of pond systems,
photobioreactor systems were developed to obtain high biomass productivities by allowing
better control over culture conditions (Ugwu et al., 2008). Photobioreactor is a closed
culturing system made up of transparent tubes or panels for growth of microalgae using
CO: and essential nutrients under the illumination/exposure of light energy. Scalable
enclosed photobioreactor technologies include three main categories, namely,
tubular/horizontal, column/vertical tubular and flat-plate or flat panel reactors (Fig. 2.10,

2.11 and 2.12) (Saad et al., 2019; Yen et al., 2019).

For achieving higher biomass productivities, engineering of these production
systems is necessary (Chisti, 2013; Nwoba et al., 2019). Tubular PBRs offer desirable
amounts of surface to volume ratios. Though flat panel PBRs have highest S/V ratios, they
do not offer good hydrodynamics and their scale-up is not easy. Moreover, the flat panels
pose heating issues to algae cultures when the temperatures rises due to high sunlight
intensity (Sanchez Mirén et al., 1999). Average photosynthetic efficiency is higher in

tubular photobioreactor than in flat panel (Tredici & Zittelli, 1998). Notably, curved surface
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area of tubular reactor diffuse radiation and decreased the photoinhibition on algal culture
as they experienced lower light saturation effect. Based on photosynthetic efficiency and
high areal productivities, column PBRs including bubble-column and airlift technologies
are better performers in laboratory scale experiments (Miron et al.,, 2000; Pulz &
Scheibenbogen, 1998). They are scalable but have high costs of installation (Kunjapur &
Eldridge, 2010; Sanchez Mirdn et al., 1999). From the pros and cons of the cultivation
systems, vertical tubular/column PBRs with improved mass transfer technology could
achieve high biomass densities. Also, vertical PBRs require lesser land requirements
compared to the flat panels and horizontal tubular PBRs. In vertical PBRs, the DO build-
up can be easily controlled by limiting the height of PBR up to non-lethal DO accumulation.
Apart from that, vertical PBRs can be up-scaled by incorporating the technologies of airlift
or bubble-column for effective aeration, leading to sufficient mass transfer of CO> that also
aids in lower DO build-up as the CO> can strip out the O effectively from the vent provided
at the top of vertical PBRs. Another attractive feature of vertical PBRs is that there is scope
for arranging special internal mixers to enhance sunlight capture efficiency (see chapter 7,

later).

e —
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Fig. 2.10. A schematic of horizontal tubular photobioreactor for microalgae cultivation
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Fig. 2.12. A schematic of flat panel photobioreactor for microalgae cultivation.

2.5.5 CO2 mass transfer and sparging equipment

The absorption of CO> and other basic essential nutrients mainly depends on the
mass transfer efficiency of the algae cultivation system. The nutrients other than CO2 can
be easily by distributed by mixing the algae culture broth in homogeneously. The
transportation of CO; for efficient absorption by the cells requires a sparger (a gas sparging

apparatus) having high CO> mass transfer coefficient. The sparger’s mass transfer
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efficiency is usually measured in terms of overall CO2 or Oz mass transfer coefficients

(Kpaco, Or K ap,).

In the conventional bench-top bioreactors, O is sparged through a metallic L-
shaped sparger that actually generates very big bubbles. However, the agitation and contact
created by electricity-driven impellers break the bubble into small-size for an efficient mass
transfer. But this extra electrical energy would add more cost to the already existing cost
of a mass algae cultivation technology. Thus, the algae researchers adopted the sparging
technologies from well-studied bubble column or airlift type of reactors where the mass
transfer and agitation are driven by the smaller or medium size bubbles (Miron et al., 2000;
Ugwu et al., 2008). In the reported studies of algae cultivation systems, different type of
sparger designs have been used e.g., L-shaped, ring-shaped, perforated tubing, ceramic,
compressed stainless steel and sintered disc, etc. (Contreras et al., 1998; Merchuk et al.,
2000; Ugwu et al., 2002; Vega-Estrada et al., 2005). Apart from having high CO2 mass
transfer coefficient, an ideal sparger should also be energy-efficient, i.e., be able to
minimize electricity requirement for the aeration. This can be directly correlated with the
aeration rates used in the cultivation systems. Usually, the aeration rates in the range of
0.025 — 0.1 VVM are feasible for the scale-up of algae cultivation process (Kunjapur &

Eldridge, 2010).
2.5.6 Importance of efficient mixing and mixing equipment

During the culturing of microalgae under sunlight, efficient mixing prevents the
settling of cells, minimizes the diffusion gradients (CO2 + growth medium components),
strips out accumulated DO and most importantly aids the algal cells movement from light
to dark zones more frequently (Kunjapur & Eldridge, 2010). In this way, the mixing can
improve biomass productivity by maximizing the solar energy capture leading to increase

in specific light availability, i.e., average light exposure per algal cell (Wang et al., 2012).
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It also aids in the improvement of lipid contents in some oleaginous species that enhances
biodiesel production. For example, in a study on Chlorella vulgaris, the combination of N-
deficiency and increment in specific light availability by decreasing the biomass density
induced more lipid compared to the cells grown only in N-deficient nutritional medium
(Munkel et al., 2013). Although aeration via bubbling or mechanical agitation results in
some level of mixing in the photobioreactors, installation of baffles or special internal
mixing equipment improves effectiveness, hence, such have been tested in recent
developments in photobioreactor design (Huang et al., 2017; Munkel et al., 2013; Wang et
al., 2012).

The typical use of draft tube or baffles in concentric tube or split cylinder also aids
in internal mixing, but these cannot generate the frequent movement of cells from light to
dark zones that is vital for microalgae culturing to improve biomass or lipid productivity.
The bubble-driven mixing caused by aeration in bubble column does provide efficient
mixing as the scale of PBR increases. Other side, mechanical agitation systems incur capital
as well as maintenance cost to the PBRs while scale-up is both challenging and energy
intensive. Therefore, adaptation of specially designed internal static mixers have been
studied for flat panel and tubular PBRs (Huang et al., 2015; Ugwu et al., 2003; Ugwu et

al., 2002).

In general, the static mixers act as baffles that generate local turbulences due to the
motion of bubbles and fluid flow. The turbulence agitate the algal cells exposing them to
light/dark zones inside the PBR. However, the mobile mixers are more effective than static
mixers as they can directly cause motion of fluid through their rotations. It is also desirable
that such agitation mechanisms do not require external energy input. To date, there is only
one study that reported on installation of mobile mixers inside the tubular PBR (Yan et al.,

2018). In the study, a single and long helical rotor was used, which was self-rotating by the
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virtue of continuous fluid (algae culture) flow, therefore incurring no extra energy demand.
This study recognized the scope for the design of self-rotating bubble-driven mixer in

vertical/bubble column.

2.5.7 Effect of temperature and pH

In the outdoor cultivation of microalgae under sunlight, the cells can experience a wide
range of temperatures, e.g., ranging from 20 — 40 °C in the summer and 10 — 35 °C in the
winter. Depending on the natural habitat from where the species is isolated, the optimum
range of temperature may vary from species to species. Therefore, the temperature is
controlled by spraying cold water or by thermostat controller in outdoor photobioreactors
for improving biomass production (Richmond et al., 1993; Ugwu et al., 2008). However,
some reports under natural sunlight conditions suggest that the temperature control is not
mandate for some microalgal strains as it saves the cost of overall process (Fuentes-
Grunewald et al., 2013; Guo et al., 2015). For this reason, the process design of microalgal
biomass production on commercial-scale would be more feasible if the selected strain is

tolerant to a wide range of temperatures.

Unlike temperature, the pH maintenance in algae culture is vital for efficient CO>
uptake by the cells. In water, CO; exists in three forms, namely, dissolved CO> (dCO>)
species at acidic pH, bicarbonate (HCO3") species at neutral pH and carbonate (CO3?) at
alkaline pH levels and dissolved CO: at acidic/neutral pH levels in the water (Imamura et
al., 1983; Scherholz & Curtis, 2013). However, most of the microalgal cells prefer dCO>
or HCO3 over the COs* species (Scherholz & Curtis, 2013). For this reason, the pH of
culture medium should be maintained in acidic or neutral pH conditions. Exceptionally,
some strains of microalgae species are capable of growing at higher pH. For example,
Chlorella vulgaris (FACHB-1227) can still grow at 10 pH even though its initial optimum

pH was 7.0 (Gong et al., 2014). For such species, the pH control in the night times (dark-
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phases of culturing period) may not be required as the CO2 supply is usually stopped in the
dark-phase. Therefore, it is imperative to study both the selection of pH control set point
and control for better understanding of the process design. It is arguable that optimization
studies for ranges of CO> levels or concentrations should be carried out after setting same

pH for all the variations.

2.5.8 Effect of dissolved oxygen

Generally, excessive oxygen accumulation can inhibit algae cells in two ways, i.e.,
photoinhibition and/or photorespiration. Photoinhibition occurs due to generation of
reactive oxygen species induced by high light intensities, which is already discussed in
section 2.5.2. In the latter phenomenon, unwanted respirational events occur in microalgae
cells where CO; is generated in tandem with regular consumption for photosynthesis. This
phenomenon is explained as photorespiration where the crucial enzyme of photosynthesis,
RuBisCO (Ribulose-1,5-bisphosphate-carboxylase/oxygenase) shares both oxygenase and
carboxylase activities (Lloyd et al., 1977; Zelitch, 1971). According to the very well-known
Warburg’s effect, photosynthetic rate decreases at high Oz concentrations due to
competitive inhibition of carboxylase (CO: fixation by RuBisCO) activity. Due to this, at
least 25% of fixed CO. would be efflux back to the environment. However high
temperature also favours more CO: to get released. In order to understand and tackle both
the challenges of photoinhibition and/or photorespiration, the effect of DO accumulation

should be accounted specifically for purposes of process scale-up.

The DO accumulation resulting from photosynthesis process can cause serious
problems in the enclosed photobioreactors compared to the open ponds. The DO build-up
cannot be seen in small-scale cultivation as the sufficient supply of air/CO. and the
efficiency gas sparging apparatus aids in removing the DO build-up instantaneously.

However, the microalgae cells do experience inhibition due to DO build-up in large-scale
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or industrial-scale culturing systems (Lee & Yeh, 2015). The DO accumulation should not
be allowed to increase beyond 400% air saturation, which sets limitation for the length of

horizontal or even vertical tubular PBRs design (Kunjapur & Eldridge, 2010).

2.6 Methods of induction for enhanced lipid biosynthesis

2.6.1 Engineering of nutritional medium

Microalgae production as feedstock for biodiesel production requires investigation
of production factors that could help in maximization of lipid production. Basic stressors,
particularly the limitation of phosphorus and nitrogen in culture medium helps to induce
the lipid contents of several microalgae such as, Scenedesmus subspicatus, Scenedesmus
sp. Spirulina platensis, Dunaliella tertiolecta, Neochloris oleoabundans, Chlorella
vulgaris and others (Brennan & Owende, 2010; Chernova & Kiseleua, 2017; Pal et al.,
2011; Rodolfi et al., 2009; Sharma et al., 2012; Singh & Singh, 2015; Widjaja et al., 2009).
The stressor for diatoms microalgae (for example, Cyclotella cryptica) is the limitation of
silicon source. In many algae, lipid growth is observed when one of the biogens is absent
in culture medium or during their joint action (such as absence of nitrogen or iron or
phosphorus in Chlorella sp.). Phenomenon is well explained by “snow-algae”, which grows
on snowfields and glaciers as they possess considerable amount of lipid content due to the

unavailability of biogenic elements in the habitats.

The effect of illuminance condition on lipid induction has also been widely
reported. For example, the microalgae species like Chlorella vulgaris, Nannochloropsis sp,
Pavlova lutheri, Monodus subterraneus, have shown higher TAG/lipid accumulation when
they were exposed to high light intensities (Munkel et al., 2013). In some species, low light
intensities of 2 pmol m? s can also induce lipid accumulation in the biomass (Chernova

& Kiseleua, 2017). Ultraviolet irradiation also acts as a stress factor for induction of high
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lipid content in microalgal cells like N. oculata and N. salina, however, the method is not
economically viable. The changes in ambient temperatures also induces lipid accumulation

(Zhu et al., 2016).

The combined effect of high illuminance and N-absence in the media is known to
enhance the lipid contents of C. vulgaris and M. subterraneus compared to the stress
created by N-absence alone (Munkel et al., 2013). From the above literature, it is clear that
the stress factors for the lipid induction are strain specific, therefore identification of

potential stress factor is crucial for biodiesel directed algal biomass production.

2.6.2 Lipid induction processes

Upon identification of specific stress factor nutrient in growth medium that enhances lipid
induction, the growth of algae is allowed to complete that nutrient and to grow more for
lipid induction by maintaining other nutrients in excess. This process is called single-stage
lipid induction (Yeh & Chang, 2011). In two-stage lipid induction process, the microalgae
cultivation is carried out until the end of growth-phase and the culture is harvested (usually
by means of centrifugation at very low speeds) and re-suspended in fresh growth medium
without the stress factor component (usually N and/or P sources in most cases) (Muthuraj
et al., 2015; Nagappan et al., 2019). Although the single-stage process saves centrifugation
costs, most of the reports suggested that the amount of lipid contents (% of DCW) were
observed more in the latter strategy (San Pedro et al., 2014; Su et al., 2011; Xiaet al., 2013).
For example, the two-stage lipid induction process for Nannochloropsis oculata ha
produced 3 times more lipid yield compared to the single-stage batch process (Su et al.,
2011). Another study on Chlorella vulgaris ESP-31 shown that single-stage process with
lower initial N can yield lipid content up to 55% (of DCW) with 78 mg L day? of lipid

productivity (Yeh & Chang, 2011). Therefore, the applicability of single-stage lipid
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induction method for an oleaginous strain is worth considering for process economy
reasons. Apart from the single-stage or two-stage lipid induction via nutrient-stress, more
light exposure through induced mixing can also enhance lipid induction (see previous
section 2.6.1). Since PBR receives limited light intensity in the natural sunlight conditions,
an efficient internal mixer installation inside the PBR can also enhance the lipid contents

and lipid productivity.

2.7 Processing of microalgae for biodiesel production

2.7.1 Harvesting and dewatering technologies

In succession to the cultivation and lipid induction, the microalgal broth culture is
subjected to harvesting via various techniques, such as filtration (vacuum, pressure, cross-
flow, and tangential-flow), centrifugation (disc stack, decanter), sedimentation, flotation
(dissolved air, dispersed air, electrolytic), flocculation (chemical — organic / inorganic,
biological, magnetic, electrolytic, auto-flocculation), and electrolytic coagulation (Al-
Hattab et al., 2015; Chatsungnoen & Chisti, 2016; Dassey & Theegala, 2013; Landels et
al., 2019). These above techniques could separate algal biomass, extracellular products (if

any) and water.

During the mass culturing of algae (microalgae or seaweeds), an effective
harvesting technique is decided by several critical factors like reusability of water/media,
efficiency, scalability, species specificity, toxicity, cost, time and maintenance. Based on
the above criteria, an evaluation study on industrially feasible / scalable harvesting
techniques for biodiesel production revealed that disc stack centrifugation, decanter
centrifugation, cross-flow filtration, and organic flocculation are the only suitable methods
for large-scale harvesting (Al-Hattab et al., 2015). However, the associated energy-
intensive problems with centrifugation / filtration at industrial-scale suggested that organic

47
TH-2508_146106012



flocculation followed by cross-flow filtration or centrifugation could reduce the energy
consumption to a greater extent (Al-Hattab et al., 2015; Dassey & Theegala, 2013).
Consequent to the harvesting and dewatering steps, the direct use of wet microalgae for the
production of biodiesel is very promising due to reduction of drying time and extra-energy
cost associated with the drying processes. Nevertheless, the biodiesel extraction /
production using the wet algal biomass is still limited to research and development because
of the high costs and environmental safety issues associated with wet-extraction solvents
(Ghasemi Naghdi et al., 2016). Conversely, the wet algal biomass could also be processed
through various large-scale drying methods include rotary drying, spray drying, solar
drying, flash drying, vacuum shelf drying, incinerator drying, and cross-flow air drying to

obtain dry biomass (Show et al., 2015).

For small-scale research and laboratory studies, lyophilisation or freeze drying is
the most commonly used method for drying the microalgae as it can handle small-volume
samples. Moreover, it avoids degradation or inter-conversion of lipids before the extraction
process and aids in evaluating the exact quantity and quality of biodiesel (Ryckebosch et
al., 2011). The biodiesel quantity and quality derived from the freeze-dried algal biomass
can be used as a benchmark for developing the suitable large-scale drying method. The wet
/ dried algal biomass after harvesting is generally fractionated into platform molecules of
lipids, carbohydrates and proteins via various extraction and conversion processes

(discussed in the next section).

2.7.2 Biodiesel production: Cell disruption, extraction, and conversion

The lipid extraction from algal biomass is an energy demanding process. Therefore,
economics of downstream processing is critical step in the algae-biodiesel production

cycle. Depending on the cell wall rigidity of specific microalgal species and products of

48
TH-2508_146106012



interest, selection of cell disruption technology is important (Glnerken et al., 2015; Lee et
al., 2017). Broadly, the cell disruption methods are mainly divided into two types, namely,
mechanical and non-mechanical. The mechanical type of cell disruption requires energy
input in the forms of shear force, wave energy, electric energy and heat. The methods like
bead milling, high pressure homogenization etc., can be categorized under shear-force
based cell disruption. The wave-energy based cell disruption techniques include ultra-

sonication, microwaves and pulsed electric-field treatment (Giinerken et al., 2015).

The non-mechanical cell disruption methods include chemical and biological
techniques. In the former, chemicals like antibiotics, ionic liquids, special nanoparticles,
chelating agents, chaotropes, detergents, solvents, supercritical liquids, hypochlorites, acids

and alkali are used (Parmar et al., 2011).

The use of ultra-sonication, microwaves and supercritical transesterification
methods are very efficient in extracting lipids from algal biomass, but they cannot be used
for large-scale applications due to their very high energy demands (Hidalgo et al., 2013).
Hence, low-cost chemical methods are used for large-scale conversion of algal biomass to
biodiesel. Most commonly used methods are conventional lipid extraction followed by
transesterification or direct transesterification. Both the methods were developed for
mainly biodiesel production from lipids, however the by-products crude glycerol and
residual algal biomass may be used for other applications like fermentation, biogas

production, etc.

In the conventional method, firstly the lipids are extracted by lysing the cell wall
chemically followed by solvent extraction of lipids. In algal lipid research, Bligh and Dyer
method was reported as most applicable method for any kind of microalgal strain (Bligh &

Dyer, 1959; Hidalgo et al., 2013). Subsequent to the lipid extraction, the lipids are

49
TH-2508_146106012



transesterified at higher temperatures using methanol or ethanol as acyl acceptors in the
presence acid or base or heterogeneous catalysts (discussed in section 2.2.2). In direct
transesterification, both the lipid extraction as well as transesterification are carried out in
a single-step by using a single solvent that can acts as both lipid extracting solvent and acyl
acceptor for transesterification in the presence of catalyst only (Hidalgo et al., 2013; Kumar
et al., 2014). The direct transesterification decreases the downstream cost as well as cut
down the time scales as compared to the conventional one. The direct transesterification
process is carried out using methanol and acid/base catalysts (e.g., H.SO4, NaOH). Hence,
the use of direct transesterification method is imperative for large-scale production of

biodiesel from oleaginous microalgae.
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CHAPTER 3

Materials and methods

3.1 Experimental microalgae species

An indigenous microalgae species, Chlorella sp. FC2 IITG (hereafter referred as
FC2) was isolated from local fresh water ponds inside the campus of Indian Institute of
Technology (1IT) Guwahati, Assam, India (Muthuraj et al., 2014). It has already been
characterized as a novel biodiesel candidate in the previous works (Kumar et al., 2014;
Muthuraj et al., 2015; Muthuraj et al., 2014). This lipid rich microalgae species is capable
of producing 65 — 85 % fatty acids (up to 56% w/w in stirred tank reactor), contributing
palmitic acid (C16:0), oleic acid (C18:1) and linoleic acid (C18:2), which are key elements
of good quality biodiesel based on ASTM and EN standards (Table 2.2). The microscopic
image of the model organism taken in an inverted microscope (specifications: appendices,

Table A2) is shown below (Fig. 3.1).

Fig. 3.1. Microscopic image of Chlorella sp. FC2 IITG.
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3.2 Culture medium and maintenance

In all experiments, the experimental strain was cultured in sterile BG11 medium
that was previously modified and optimized for FC2 growth in shake-flask conditions
(Muthuraj et al., 2015). The composition of the growth medium is shown in Table 3.1. The
initial pH of the medium was set at 7.1 £ 0.1. The inoculum preparation for all the
experimental studies was carried out using perforated tubing equipped reagent bottle (Fig.
3.2) by providing 800 umol m? s? of constant LED lighting and 1% CO: (in air). However,
low light of 100 pmol m2 s and air (0.035% CO,) were used in the preliminary studies

for evaluating the performance of newly designed PBRs (see chapter 4 later).

Table. 3.1 Composition of FC2 growth medium for all the experiments

Media component Composition (g L™)
Urea 1.8
K2HPO, 0.076
MgSQ4.7H,0 0.075
CaCl,.2H;0 0.036
N8.2C03 0.02
Citric acid 0.006
Ferric ammonium citrate 0.006
Na:EDTA 0.001
A5+Co solution 1mlL?
Component Concentration (g L™?)
H3BOs 2.86
MnC|2.Hzo 1.81
ZnS04.7H,0 0.222
CuS04.5H,0 0.079
Na:M00,.2H,0 0.390
CO(NOs)z.ﬁHzO 0.049

*pH was adjusted to 7.1+0.1 after sterilization.

N
co,+AIR ! [F
H—— Vent

Sampling

Commercial dl 0
LED lamp 0po 0,

Fig. 3.2 Perforated tubing equipped transparent bottle for inoculum preparation
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3.3 Description of light sources used for microalgae growth
3.3.1 Conditions for indoor studies

The experimental studies on algae conducted directly under sunlight cannot be
analysed systematically due to uncontrollable wvariations in weather (short-term
atmospheric fluctuations in sunlight intensity and temperatures) and climate (long-term
weather conditions). For repeatability, experiments should be carried out under constant
incident light intensities or mimicked sunlight to optimize other growth parameters like
process pH, CO, feed etc. For these reasons, an artificial lighting system that can mimic
sunlight irradiation was developed. Since most of the reported laboratory research have
been carried out under cool fluorescent lamps (CFL) to understand the growth
characteristics of microalgae, the CFL lighting system was applied to mimic natural
lighting. However, their light intensity cannot be controlled by varying either input voltage
or current to produce light intensity of “0 — 2000 — 0” pmol m? s, such as to mimic the
variation in sunlight intensity from dawn to dusk (Fig. 3.3).

2500

2000

[y
9y}
Q
o

Sunlight intensity
(umol m2 1)

o

[=]

o

500

4AM 8 AM 12 NOON 4PM 8PM
Dawn Noon Dusk

Fig. 3.3 Sunlight irradiation of typical clear daylight in natural sunlight conditions
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In contrast to the CFL bulbs, light emitting diodes (LED) offer controllable light
intensity with variations in input voltage. In this study, the variation of input voltage was
controlled manually by DC regulated power supply and automatically by pulse width
modulation (PWM) adapter (specifications: appendices, Table A2). Unlike other artificial
light sources, the emission spectrum of cool white LEDs (specifications: appendices, Table
A2) is close comparison to the sunlight’s emission spectrum (Fig. 3.4). The LED lighting
also offers lower working temperatures and high efficiency (80 — 100%) of photosynthetic
active radiation (PAR) compared to the other artificial systems (Darko et al., 2014).
Therefore, LEDs have recently emerged as most preferred artificial light sources
conducting experiments in green houses or horticulture systems for plant as well as algae

growth (Darko et al., 2014; Nwoba et al., 2019; Ouzounis et al., 2015).

SUNLIGHT - - ==

INVIAVYYI

WAVELENGTH (nanometers)

Fig. 3.4 Comparison of wavelength emission spectrum of various artificial light sources with
sunlight emission spectrum. Source: (Ergil, 2014)

3.3.2 Conditions for outdoor studies

All the experimental studies in the outdoor conditions were performed under natural
sunlight in the period of September 2018 to April 2019 at the geographical coordinates of
26° 10’ 20" N and 91° 44’ 45" E (Guwahati, Assam, India). The outdoor sunlight intensity

was measured timely using a lux meter (specifications: appendices, Table A2).
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3.4 Supplementation of CO>

Carbon dioxide serves as carbon source for the photoautotrophic culturing of algae
similar to the plants (see section, 2.4, chapter 2). However, high levels or pure CO, can
inhibit the growth of algae (see section 2.5.3, chapter 2). Therefore, CO> level for algae
broth culture was managed by mixing appropriate CO, from high pressure CO> cylinder
with the continuous flow of compressed air. This mixing was achieved by manual or
automatic (specifications: appendices, Table A2) flow meters of air and CO. according to
the requirements. Using the setup shown in Fig. 3.5, mass flow controllers (MFC) for both
and air and CO: injection were controlled by OPTO22 control system (below) for

automation.

Photobioreactor
setup

co, ]

B |
1
OPTO22 p |
B control unit ower supply

r

AIR

Air compressor

/\\ /\
Fig. 3.5 Manual rotameters (1) and mass flow controllers (2) for air and CO2 supplementation along
with sources of air and CO..

3.5 Process control system

The process control unit (OPTO22 control system, USA, additional information
given in appendices, Table A2) was additional sensor control system to the bioreactor or
photobioreactor operation. It was used to control, monitor and gather data information

related to various process parameters with simple input/output (I/0) modules driven by
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current or voltage signals (analog). It was connected to the computer and ran with the PAC
control basic software (version: 9.4) to collect the data and to control the process variables

per experimental setup.

Basically the OPTO22 control consists of five parts, namely (Fig. 3.6): circuit
board; power supply for circuit board; 1/0 modules; main controller, and; PAC software.
The 1/0 modules receives and sends analog input and output signals respectively. In this
study, 4 1/0 modules (refer appendices, Table A2 for model specification) including ‘-20
to +20 mA, analog input’, -10 to +10 VVDC, analog input’, ‘+4 to +20 mA, analog output’,
and ‘0 to +10 VDC, analog output’ were used with the control system. A computer with
PAC software installed was connected to the main controller using Ethernet crossover
cable. This computer was used for creating flow chart-based or OPTOscript-based
commands that were executed by the main controller to accomplish the tasks (see schematic

in Fig. 3.7).

Fig. 3.6 Assembly of OPTO22 control system. Power supply to circuit board (1), circuit board (2),
main controller (3), I/0 modules (4), Ethernet crossover cable connection (5) and connections for
input/output current or voltage (DC) signals.
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Fig. 3.7 An overview of PAC software (v9.4) implementation. User-defined variable area (1),
variables generated from 1/0 modules (2), User-defined PID control loops area (3), flow chart based
algorithms (4), OPTOscript based algorithms (5) and PID mechanism and results area (6).

3.6 Materials for bubble-column PBR and spargers

Flanged acrylic tubes (specifications: appendices, Table A2) (Fig. 3.8A) were used
for the construction of three small-scale (500 ml) and medium-scale (10 L) bubble column
photobioreactors for growing the FC2. The membrane sparging system in BC-PBRs was
customized for the setup using a neoprene rubber sheet (Fig. 3.8B). Before the actual
implementation, the performance of membrane-sparger was tested and compared with
known spargers like L-sparger (Fig 3.8C) and perforated silicone tubing (Fig. 3.8D). The
L-sparger component was cannibalized from the conventional bench-top

fermenter/bioreactor (specifications: Appendices Table A2).
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Fig 3.8 Materials used for design of BC-PBR and different spargers. A. Flanged acrylic tube, B.
Neoprene rubber sheet, C. Silicone tubing, and D. L-sparger.

3.7 Measurement and control of dCO,, DO, pH, and temperature

In the experimental setup for both the small-scale and medium-scale BC-PBRs, all
the probes were inserted from the top of the PBRs. The meters/controllers (specifications:
appendices, Table A2) for dCO., pH and temperature probes having 4 — 20 mA analog
output signal were connected to ‘-20 to +20 mA, analog input” module of the control unit.
Whereas the DO (see appendices, Table A2 for specifications) data was collected at set
intervals offline. The respective probe assemblies as used are illustrated in Fig. 3.9.
Occasionally, the control of dCO, concentration was executed by PID control loop such
that the resulting output voltage signal was transferred to CO2 mass flow controller via ‘0
to +10 VDC, analog output’ module. Similarly, the pH of algal cultures was also controlled
either by relay based (for acid/base control) or PID loop based (for CO; feed based control)

using the same ‘0 to +10 VDC, analog output” module.
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Fig. 3.9 lllustration of probe assemblies for measurement and control of various process parameters
in algae cultures. The dCO; probe assembly (1), pH probe assembly (2), temperature probe
assembly (3) and DO probe assembly (4).

3.8 Lipid induction strategy for biodiesel production from FC2 biomass

It is known that the starvation of nitrogen source and/or phosphate source of the
growth medium triggers the induction of neutral lipids and thereby increasing the overall
biodiesel production in starvation-phase rather than the growth phase (Kokabi et al., 2019;
Li et al., 2010; Rodolfi et al., 2009). The experimental microalgae species, Chlorella sp.
FC2 IITG has already been tested for its lipid induction capability with nitrogen starvation,
e.g., urea deprivation (Muthuraj et al., 2015; Muthuraj et al., 2014). However, the previous
studies were performed with two-stage lipid induction strategy for production of biodiesel
from FC2. In this study, the lipid induction of FC2 biomass using urea starvation was
investigated in two different processes, namely: single-stage and; two-stage lipid induction
processes. In the two-stage process, the FC2 biomass was harvested after growth-phase via
centrifugation at 3000 RPM for 5 min. Subsequently, the biomass harvested was washed
with 0.9% NaCl and re-suspended in freshly prepared urea-free BG11 medium for inducing
the lipids from nitrogen deprivation. In the single-stage process, the FC2 culture was
allowed to consume all the urea to reach stationary-phase followed by the lipid-induction
phase. This single-stage process was considered to be highly beneficial as it has potential
to save time as well as removes the costly centrifugation operation.
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3.9 Analytical procedures
3.9.1 Determination of biomass growth and biomass productivity

The cell biomass density of Chlorella sp. FC2 I1TG was quantified by measuring the optical
density (OD) at 690 nm in a visible spectrophotometer (specifications: appendices, Table
A2). These absorbance values were converted into dry cell weight using the calibration
equation derived from Fig. 3.10, one cell optical density = 0.4537 g dry cells L (R? =
0.99). The calibration was performed with the FC2 biomass grown in modified BG11

medium under photoautotrophic conditions only.
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Fig. 3.10 Calibration curve for biomass estimation
The specific growth rate in day * (every 24 h) and overall biomass productivity in g L*

day?* were calculated Eq. 3.1 and Eq. 3.2 respectively.

Specific growthrate, u = (INX5/X1)/(t3 —t1) coevivininiiiii, (3.2)
Where, X, and X; are biomass concentration at time t, and t, respectively.
Xrqg—Xo (gL7?
Biomass productivity, Py = —L2— O e (3.2)

trg—to (day)
Where X, is final biomass titer at the end of growth phase at time, tr, and X, is

initial biomass concentration at time, ¢,.
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3.9.2 Determination of chlorophyll concentration

The level of photosynthetic activity was measured by quantification of chlorophyll
‘a’ (Chl-a) and chlorophyll ‘b’ (Chl-b) in methanol (Pruvost et al., 2011; Ritchie, 2006).
Firstly, FC2 cell culture of 0.1 — 0.7 OD (Asg0) was centrifuged at 13,500 RPM for 5 min
in a 2 ml centrifuge tube and the supernatant collected for further analysis of major nutrient
utilization, i.e., urea and phosphate. The pellet was extracted with 1.5 ml 0f 99.9% methanol
by incubating in the dark at 45 °C for 30 min followed by centrifugation at 13,500 RPM for
5 min. The absorbance spectra were measured at 652, 665 and 690 nm using the visible
spectrophotometer. The following calculations (Eg. 3.3 and 3.4) were used to determine
chlorophyll content (in mg L).
[Chl-a]=16.5169* Ag65-8.0962% A652 ... evvneeineeeiieieenee e e ae e (3.3)
[ChI-D]=27.4405% A652-12.1688™ A665 .-« vvevneneiteineiteieieeieiteiee e (3.4)
Where Ass2 and Ases are the absorbance values at 652 and 665 nm respectively. For
turbidity correction, Ass2 and Aess Values were taken relative to the Asgo value and

represented as *Aesz and *Ages respectively.
3.9.3 Quantification of extracellular urea concentration

The supernatants of appropriate culture samples after centrifugation were used to determine
urea concentration. The concentration was estimated using diacetyl monoxime method
using standard urea in double-distilled H.O (Momose et al., 1965). Under strong acidic
conditions, urea reacts with diacetyl monoxime to form a yellow condensed product, which
is intensified to red colour in the presence of ferric ions and thiosemicarbazide. The colored
product is measured spectrophotometrically at 540 nm and the absorbance values were

converted into urea concentration from the following calibration curve (Fig. 3.11)
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Fig. 3.11 Calibration curve for urea estimation

3.9.4 Quantification of extracellular phosphate concentration

The remaining supernatant after analysis of urea concentration was used for
phosphate estimation by ascorbic acid method using KaHPOj4 as standard (John, 1970). In
the method, ammonium molybdate and antimony potassium tartarate in acidic medium
react with phosphate to form heteropoly acid — phosphomolybdic acid, which is reduced to
molybdenum blue colour in the presence of ascorbic acid. The intense blue colour can be
quantified at 880 nm spectrophotometrically. Based on the derived equation in calibration

curve (Fig. 3.12), the absorbance values at 880 nm were converted into respective

phosphate concentration.
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Fig. 3.12 Calibration curve for phosphate (K:HPQO,) estimation

3.9.5 Direct transesterification of biomass for biodiesel production

The biodiesel from FC2 was characterized with respect to FAMES. The lipids were
extracted from 30 mg of biomass and converted to FAMEs via direct transesterification as
described in previous studies (Kumar et al., 2014; Muthuraj et al., 2015). The FAMES were
analysed in CP-Sil 8 CB column (specifications: appendices, Table A2) by gas
chromatography with FID detector (specifications: appendices, Table A2). Supelco® 37
component FAME mix (Sigma Aldrich chemicals) was used as standard for the analyses.
A volume of 1 pl sample was injected into the GC while injector temperature was
maintained at 250 °C. Helium was used as a carrier gas by keeping a splitting ratio of 20:1.
Temperature of the column was programmed as 60 °C (hold time, 5 min) followed by a
ramping rate of 5 °C min until 280 °C (hold time, 15 min). The total FAME productivity

at the end of induction-phase of each experimental study was calculated using Eg. 3.5

FAME productivity, Prayg =

TH-2508_146106012
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Where FAME; is the maximum FAME concentration and FAME; is the FAME
concentration at start of induction phase. The t¢; is time taken to achieve maximum
FAME concentration and ¢4 is the time of start of induction phase, which is same

as the end of growth phase.
3.9.6 Biodiesel characterization

The quality of produced biodiesel was characterized using the factors namely:
saponification value (SV); iodine value (IV); cetane number (CN); degree of unsaturation
(DU); higher heating value (HHV); kinematic viscosity (v); density (p) ; flash point (FP);
cloud point (CP); pour point (PP); and cold filter plugging point (CFPP). These were
calculated using equations (3.6) to (3.16) (Francisco et al., 2010; Gulim & Bilgin, 2017;
Mandotra et al., 2016; Saxena et al., 2013). A sample calculation procedure is given in

additional information (refer section 1 and Table A1, appendices).
SV = Z[(560 X FL) /Ml] ............................................................ (36)

Where ‘Fi” and ‘M’ are percentage and molecular weight of individual FAME

respectively. SV is in mg KOH (g oil)*
IV = Z[(254XFL XDi)/ML'] ...................................................... (37)

Where ‘Di’ is number of double bonds in individual FAME. IV is in g |2 (100 g

oil)
CN = (463 +520) = (0225 X IV)  oooooviiiiicececece e (3.8)
SV
DU = MUFA + (2 X PUFA) oo, (3.9)
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Where ‘MUFA’ is monounsaturated FAME (% of Wt.), and ‘PUFA’ is

polyunsaturated FAME (% of Wt.).

HHV = S[(F; X 8,)/100  ooeoeeeee oo, (3.10)
Where ‘HHV” is in MJ kg? and &; = 46.19 — = — 0.21 X D;
v = ZlFiXIn())/100 = _ o=t} e A e, (3.11)

Where v’ is in mm? st and In(v;) = —12.503 — 0.178 * D; + 2.496 X In(M,)
P = N[0 X FD)/JI00] o (3.12)

Where “p’ is g cm® and p; = 0.8463 + ==+ 0.0118 X D

FP =23.362 X Y[(N; X F,)/100] + 4.854 x X[(D; X F;)/100] ....c0........ (3.13)

Where Nj is number of carbon atoms in individual FAME.

CP = (0526 X Fry.0) — 4992  oooeeeeee e, (3.14)

PP = (0.571 X Fryp0) — 1224 oo, (3.15)

CFPP = (0.511 X Fryg:0) — 7823  oveeeeoee e (3.16)
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Design and construction of unidirectional LED lighting and
bubble column photobioreactor (BC-PBR) with efficient
sparging system

4.1 Background and uniqueness of the study

On the basis of photosynthetic efficiency in outdoor sunlight conditions, the vertical
tubular PBRs were proved to be more productive (per land area) than other large-scale
PBRs. On the other hand, column PBRs like bubble columns and airlift systems were highly
efficient but mostly limited to laboratory studies due to cost and scalability issues.
Therefore, the scope of incorporating bubble column or airlift technologies into vertical
PBRs is very beneficial for a feasible microalgal biodiesel production. However, they
require a cost-effective and highly efficient mass transfer component, i.e., sparging system.
Conventional spargers in stirred-tank bioreactors are efficient enough only when the
agitators/impellers are running. Those spargers usually produce big air bubbles and later
they break up into smaller bubbles due to contact with the impeller blades. Moreover,
baffles provided in the stirred tank reactors also helps in better mixing and bubble break-
up. However, the biggest issue in stirred-tank reactor is energy/electricity consumption for
the mechanically driven agitation. Therefore, the large-scale cultivation of microalgae
using stirred tank bioreactor is not economically feasible due high energy inputs
requirement. Moreover, the mechanical agitation created by the impeller blades can cause

shear stress to the growing algae cells thereby cell death occurs.

As alternative to the stirred tanks, airlift and bubble columns have been developed

for enhanced mixing and efficient mass transfer without the requirement for mechanical
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agitation (Miron et al., 2000; Miron et al., 2004). In both kinds of technologies, air bubbles
are introduced from the bottom side of the reactor via special spargers (e.g., ring type,
ceramic type, perforated tubing, etc.). The bubble force acts as a driving force for the
mixing and agitation in these airlift and bubble-column reactors. For airlift type of PBR,
the installation of draft tube is more challenging due to diameter limitation and longer
lengths required for scale-up of the reactor design. Therefore, bubble-columns are more
suitable for their efficient non-mechanical mixing, saving on agitation cost, and ease of
scale-up. In this study, a low-cost, scalable, and efficient bubble-column photobioreactor
(BC-PBR) was customized with membrane-sparger equipped at the bottom of the reactor.
The designed membrane-sparger was compared with well-known L-sparger of
conventional stirred-tank bioreactor and perforated tubing for its mass transfer efficiency
and FC2 growth performance. In line with design of PBR, a special unidirectional LED
system was customized in the laboratory to supply light energy to the microalgae grown in

the designed PBR.

4.2 Construction of PBR and lighting system

4.2.1 Setup for bubble column photobioreactors

Two scales of bubble column photobioreactors (BC-PBR), i.e., 500 ml and 10 L for
small-scale and medium-scale studies respectively, were constructed by using transparent
flanged acrylic tubes (Fig. 4.1). For both the scales, same path length of 0.075 m was
maintained (i.e., inner diameter = 0.069 m and outer diameter = 0.075 m). And the heights
of small-scale and medium-scale BC-PBRs are 0.175 m and 2.75 m respectively. The
closures of top and bottom of the PBRs were also made of acrylic lids that were fastened
with wing nuts by placing the rubber sheet-made gaskets (ensures no-air-leak). On the top
lid of the reactor, appropriate holes were drilled for installation of analytic probes (i.e., DO,

dCOg, pH, and temperature) and an air vent.
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0.175 m

Fig. 4.1 Schematic of a bubble column photobioreactor setups showing dimensions for small-scale
(500 ml) (A) and medium-scale (10 L) (B).

4.2.2 Construction of LED lighting to simulate sunlight conditions for indoor

experiments

In this study, two unidirectional LED lighting systems were customized by using
50 W cool white LED cobs). These LED cobs had colour temperature of 6500 K equivalent
to the clear daylight of an outdoor sunny day. As these LED cobs could generate high levels
of heat while lights up, CPU fans (generally found in desktop computer setup) were
installed as heat sink on the backside of LED cobs. For both the scales of BC-PBRs, a
smaller and larger LED lighting systems were personalized in the laboratory. The smaller
LED lighting system could simultaneously accommodate three small-scale BC-PBRs, such
that three parallel experimental studies could be performed. It had 6 fans (3 columns)
accommodated with 9 LEDs. The larger LED nest was constructed by arranging 32 fans
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and 63 LEDs in a single column, 2.75 m height of medium-scale BC-PBR. For experiments
requiring constant light intensity, the lighting systems were powered by constant DC
voltage regulated power supply. For simulation of sunlight under indoor conditions, the
lighting systems were controlled by using pulse width modulation (PWM) controller

connected through OPTO22 control unit, the setup is outlined in Fig. 4.2.

Using the setup in Fig. 4.2, an algorithm was written in OPTOscript coding
language to affect a variable voltage output signal to the input of pulse width modulation
(PWM) controller, for regulation of the LED light intensity. The light intensity of LED was
manipulated to increase or decrease the light intensity in a step-wise manner, thereby
simulating sunlight variations for the laboratory (indoor) environment. For all experiments
under simulated sunlight, the same diurnal lighting was followed, i.e., based on the sunlight
intensity data taken on a typical clear day in May 2017 (Guwahati region, India;

26° 10’ 20" N and 91° 44’ 45" E).

=
ot lighting

Computer

—

OPTO22
Control system

OPTOscript

—
Algorithm

Fig. 4.2 Schematic of experimental setup used to simulate typical sunlight conditions with LED
lighting.

4.2.3 Design of membrane-sparger

A flexible neoprene rubber sheet having 2 — 3 mm of thickness was used to
customize the low-cost membrane sparger (see section 3.6). The flexible sheet was
perforated using 0.5 mm needle maintaining 10 mm spacing between the holes. The
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designed membrane-sparger was installed at the bottom of flanged acrylic tube and
tightened with wing nuts along with the gaskets made of same rubber sheet (Fig. 4.3).
Conversely, the well-known L-sparger and perforated tubing sparger were installed by
inserting from the top of PBR. The L-sparger was obtained from commercial bench-top
bioreactor (specifications: appendix) and the perforated tubing was made of silicone rubber
tubing (commonly used for peristaltic pumps). The porosity of silicone tubing (Himedia

Laboratories, India) was also generated similar to the membrane sparger. .

Fig. 4.3 Small-scale BC-PBRs with different spargers. A. Conventional L-sparger, B. Perforated
tubing, and C. Membrane sparger.

4.3 Experimental studies

4.3.1 Estimation of volumetric CO, mass transfer coefficient for spargers

Prior to the estimation of volumetric CO2 mass transfer coefficient (K, aco,), the
probe time constant (z,,) of dCO probe was calculated by considering the transportation of
CO. from bulk liquid to membrane of probe as a first-order process (described in following

equations) (Geankoplis, 2003; Philichi & Stenstrom, 1989).

dcy

2= kyx (CL=Cp) e (4.1)

Where C,, is measured dCO, concentration by probe at any time t, C, is actual

dCO; concentration in bulk liquid and k,, is inverse of the probe time constant (z,,).
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To measuret,, two equilibrium dCO; concentrations of 92.52 mg L? (lower) and
294 mg L (higher) were saturated in two different small-scale BC-PBRs that filled with
equal amounts of distilled water (500 ml). The desired variation of dCO, concentrations
were maintained by increasing percentage of CO> in air, supplied by sparging CO; enriched
air (1 bar pressure)- at aeration rate of 1 VVVM for 30 min. After reaching the saturation,
the CO2 enriched air supply was stopped and the system was kept completely closed
without any headspace to ensure the zero transportation rate of CO> from liquid to gas phase
(headspace). The dCO- probe was firstly placed in the reactor with lower saturation value,
92.52 mg L* followed by shifting the probe into reactor with higher saturation value
immediately for a step-change. In this whole procedure, the dynamic change in the probe

measured values, C,, were recorded and stored in the computer.

Upon solving the Eq. 4.1, following linear equation was resulted.

CL—Cpo
lnﬁ EAEF W AT R W . 4.2)

Where C,, is measured dCO, concentration by probe at t = 0. After plotting the
Eqg. 4.2 in Microsoft excel, the slope was used for determination of probe time

constant.

For K, aco, estimation, the well-known simple dynamic method was used with

following assumptions: the change in CO. concentration of gas phase is negligible; the gas
holdup in the reactor does not change with time; the concentrations of CO, are in
equilibrium at the gas-liquid interface; the liquid is well mixed; and there are no algae cells
in the liquid phase. Based on these assumptions, mass balances, and convective mass
transfer theories, the rate of change of CO. concentration at any time can be written as

follows.
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dcy,

L = (K,a00,) % (CF = CL)  eoeoeeeeeee oo, (4.3)

at

After substituting the integrated form of Eq. 4.3 in Eq. 4.1, Eq. 4.1 was solved with

initial and final conditions of C,, as C,,, and C;, respectively. The solution was resulted as

follows.
—Kkp*t -Kra,co,*t
Kra xe P ky*e 2
Gy = (e (it T |
kp— Kraco, kp— Kra,co,
—Kkp*t -Kja, *t
—(C )* Kpaco,xe P kpxe LFCa2 (4.4)
) P e Koaem | e m .
p— KLa.co, p— KLa.co,

The experimental setup for the estimation of K; a o, was consisting of a small-
scale BC-PBR saturated with an equilibrium dCO, concentration of 60 + 5 mg L sparged
at 1 VVM of aeration rate. To satisfy the assumptions, water was used as a liquid phase
without algal cells. Initially, the probe was maintained in lower CO2 concentration that has
already been saturated. Followed by that, the CO.flow rate was increased to attain a
significantly higher CO2 concentration in the PBR immediately for a step change. The

measured values by the probe (C,) were stored in the computer for every second interval

to evaluate K}, a ¢, of all the three spargers (Fig. 4.3) installed in the small-scale BC-PBRs.

4.3.2 Evaluation of Chlorella sp. FC2 IITG growth performance using membrane

sparger and perforated tubing

To compare the performance of membrane sparger with perforated tubing, FC2 was
grown at a constant light intensity of 120 umol m? s in small-scale BC-PBRs using
atmospheric air (0.035% CO3) as carbon source. As the bubbling of L-sparger was not
comparable with the membrane-sparger and perforated tubing, L-sparger was not used in
this study. By keeping the initial biomass density (inoculum density) as 0.03 g L?, the
culture was grown in batch up to 5 days for ensuring no limitation of nutrients thereafter.
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4.3.3 Investigation of pumping effect on FC2 growth for prospective recirculation

Photoinhibition in algal cultures during the high light conditions (noon times in
outdoor sunlight) is a very common problem that have been faced by many algae
researchers since the beginning of algae bioresource exploitation. In order to minimize
photoinhibition, average light exposure per individual cell should not exceed the saturating
light intensity, beyond which photoinhibition occurs in the algae cultures (Li et al., 2009;
Sforza et al., 2012). Hence, recirculation of algal cells from an external dark chamber to
the illumination area of the PBR could be one of the effective solutions to control
photoinhibition. By tuning the speed of recirculation, the frequency of light exposure per
individual cell can be decreased. It all needs a perfectly optimized ‘pumping speed’ to
recirculate the algae cultures between dark chamber and illumination surface area of the
PBRs. Moreover, the recirculation of cells offers better mixing and aids in performing
continuous reactor operation along with the increase of total culture volumes beyond the
capacity of the PBRs. Thus a peristaltic pump and a centrifugal pump have been used to
investigate the effect of pumping against Chlorella sp. FC2 IITG growth. An additional
experiment ‘without pumping’ was also carried out as control study. All the three studies
were performed at light intensity of 700 pmol m s with atmospheric CO- (air) as carbon

source. The initial biomass density was kept at 0.15 g L of biomass concentration.
4.4 Results and discussion
4.4.1 LED lighting for indoor studies

Two types (smaller and larger) of unidirectional LED lighting systems having LED cobs
coupled with CPU fans are shown in Fig. 4.4. The resulting light intensity outputs from the
light systems were satisfied with the expected range of 0 — 2000 umol m s for conducting

experiments in the indoor environment. Using the DC-regulated power supply and
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computer-controlled PWM technology, the lighting systems could able to generate constant

(Fig. 4.5A) and diurnal (Fig. 4.5B) patterns of light intensity respectively, similar to typical

clear daylight.
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Fig. 4.4 Unidirectional LED lighting systems. A. For small-scale BC-PBRs and B. For medium-
scale BC-PBR
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Fig. 4.5 Patterns of light intensities generated by unidirectional LED lighting systems. A. Constant
light and B. Diurnal light

4.4.2 Determination of volumetric CO, mass transfer coefficients for perforated

tubing, membrane sparger and conventional L-sparger

The dCO2 probe time constant was evaluated as 38 s (z,,) from the plot of Eq. 2 (Fig.
4.6A). Using the 7, value and recorded online measured dCO concentrations from
K, aco, experiment, Eq. 4.4 was solved by nonlinear regression to estimate the
K, ao,values of membrane sparger and the other known spargers. Same BC-PBR (small-
scale) with interchange of each sparger was used for the entire procedure of estimation.
Based on the K} a c,,values, the mass transfer efficiency of membrane sparger was found

superior than the perforated tubing and conventional L-sparger. The time required to reach
the higher equilibrium saturation value for membrane-sparger, perforated tubing, and L-

sparger were 250 s, 450 s, and 1200 s respectively (Fig. 4.6B, 4.6C, and 4.6D). It should

75
TH-2508_146106012



be noted that the results were evaluated without mechanical agitation. Also, it has been
clearly observed that the bubble size produced by the perforated tubing were smaller than
the L-sparger resulting the higher K, a o, value due to improper mixing in case of L-
sparger. However, the bubbles generated by membrane-sparger were much smaller and the
mass transfer efficiency was greater than the perforated tubing. The K a o, value of
membrane sparger was observed to be 4.1 and 1.3 times to the conventional L-sparger and

perforated tubing, respectively (Table 4.1).
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Fig. 4.6 Representation of measured dCO. concentration by dCO. probe (C,) for A. calculation of
dCO; probe time constant (z,,) by plotting Eq. 4.2 and estimation of volumetric CO, mass transfer
coefficients (K, ao,) for B. L-sparger, C. membrane-sparger, and D. perforated silicone tubing.

Table 4.1 Comparison of CO; gas-liquid mass transfer coefficients of various spargers

Type of sparger Kiaco, (57)
Conventional 0.0042+0.0004
Perforated tubing 0.0135£0.003
Membrane 0.0174+0.006

TH-2508_146106012
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4.4.3 Comparison of membrane-sparger and perforated tubing for FC2 growth

As the membrane sparger and perforated tubing were exhibited near K}, a ¢, values,
the performance of both spargers were compared by investigating the growth of microalgae.
In this experimental study, the small-scale BC-PBRs were installed with membrane-sparger
and perforated tubing to grow FC2 at specific conditions described in section 4.3.2.
Interestingly, theFC2 was grown up to biomass density of 0.8 g L™ with similar growth
rates for5 days of culturing in both the cases of spargers (Fig. 4.7). However, the BC-PBR
with perforated tubing was exhibited more cell-settling than PBR with membrane-sparger.
This was confirmed while the sampling for biomass estimation was carried out by rigorous
mixing of culture with the 10 ml pipette that was not performed in case of PBR with
membrane-sparger. The cell-settling in the case of perforated tubing can be attributed to
the absence of gas sparging in the overall cross-sectional area at the bottom of reactor. This
can lead to more settling in case of medium-scale BC-PBR as it adds additional pressure
due to up-scaling the height. Moreover, the length of insertion tubing for perforated tubing
sparger increases with height of the PBR and it adds to higher capital costs than the
membrane sparger. Nevertheless, the membrane sparger designed for small-scale BC-PBR
can be directly applied to medium-scale BC-PBR without any modifications due to same
cross sectional area of both scales, saving the cost of scale-up. Based on the cost-
effectiveness and easy scale-up, the membrane-sparger was selected and used for final

construction of both small and medium-scale BC-PBRs.
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Fig. 4.7 Comparison of Chlorella sp. FC2 IITG growth in BC-PBRs equipped with membrane-
sparger (square) and perforated tubing (circle).

4.4.4 BC-PBRs equipped with membrane sparger

Small-scale
BC-PBRs

computer and required sensors

Medium-scale
BC-PBRs

Fig. 4.8 Membrane sparger equipped small-scale and medium scale BC-PBRs with FC2 culture,
connected to OPTO22 control unit and sensors.

Both the scales of BC-PBRs were finally equipped with membrane sparger due to
its superiority over perforated tubing and L-sparger, without any external agitation

requirements (Fig. 4.8). Their respective unidirectional lighting systems were also shown
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besides the PBRs. Online monitoring of culture parameters were accomplished by the

OPTO22 control system (left side of Fig. 4.8).

4.4.5 Effect of recirculation on FC2 growth

The recirculation of algal culture between illumination surface and dark chamber
could adjust the light/dark cycles exposure and thus, serves as a potent solution for expected
photoinhibition under high light intensities (Sforza et al., 2012). Therefore, the effects of
peristaltic pump and centrifugal pump (booster pump) were tested on the growth of FC2
under low light and low CO> conditions as there was no idea of optimum conditions.
Unfortunately, both the pumps resulted in lowered biomass densities of FC2 compared with
the non-circulated FC2 culture (control) (Fig. 4.9). FC2 could grow up to some extent while
pumping by peristaltic pump, but the booster pump killed the algal cells totally. Therefore,
further process design and optimization studies with the designed BC-PBRs were

performed in batch operational modes.
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Fig. 4.9 Effect of recirculation mechanism (via pumping) on the growth of Chlorella sp. FC2 lITG.
Control study without recirculation (square), peristaltic pump (circle) and centrifugal pump (upper
triangle)
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4.5 Conclusions

For cultivation of experimental microalgae species, Chlorella sp. FC2 IITG, bubble
column PBR (BC-PBR) technology was selected and constructed with prospect to integrate
in vertical PBRs. As sunlight is the superior light source from the perspective of economics,
an artificial lighting system was firstly self-designed to mimic sunlight irradiation for
conducting comparative studies inside the laboratory. The foremost engineering and design
of BC-PBR involves the selection of a mass-transfer efficient and cost-effective gas-
sparging device that lies at bottom of the reactor. Therefore, a high mass-transfer efficient
membrane sparger was also designed to incorporate in the BC-PBR. In comparing the
membrane-sparger equipped BC-PBR with the same BC-PBR equipped with known
spargers, its mass transfer efficiency was found superior than the both and offered overall
CO, mass transfer coefficient of 0.017 s™. Also, the membrane-sparger was found scalable
and exhibited lesser cell-settling of model microalgae species (Chlorella sp. FC2 IITG)
when compared to the perforated tubing. For the prospective photoinhibition control and
continuous operation, the recirculation of FC2 cells was also investigated. Nevertheless,
recirculation of the current strain might not be suitable as there was a significant negative

effect on its growth due to pumping.
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Effect of light intensity and CO: on the growth of Chlorella sp.
FC2 IITG in small-scale BC-PBR under LED lighting

5.1 Background and uniqueness of the study

The main technology constraint in microalgae production for biodiesel is in biomass
growth and productivity. In algal culturing, reactor design and process technology are
governed by two critical parameters namely, availability of light and CO, supplementation.
Process technology involves the evaluation of possible inhibiting and limiting combined
effects of both light and CO- (Pierobon et al., 2016). Some studies have indicated that the
inhibition of net photosynthesis could not be attributed to high light intensities alone
(IRiguez et al., 2017; Pope, 1975; Powles, 1984). At high light intensities, damage of
photochemical reaction centre at photosystem Il (PS I1) is increased due to the production
of reactive oxygen species (Murata et al., 2007). On the other hand, concentration of CO;
as dCOz in the culture medium another crucial growth factor that could be regulated via
modulating the rates of CO2 supply and CO> uptake by cells. At desired/optimum dCO.
concentration, CO> uptake is maximum and hence growth will be maximum. Therefore, it

is imperative to monitor the dCO2 concentration throughout entire cultivation cycles.

Overall, the CO> gas-liquid mass transfer coefficient (K, a c,,) is the primary factor
that helps in maintaining desired dCO- concentration in the medium. The demand for CO»
in turn depends on the light energy availability photosynthesis Therefore, the combined
effects of both light and COx is the primary consideration for design and optimization. High

concentration of dCO> could inhibit the growth of algae, due to two possible factors
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namely: lowered pH levels and usual CO:-substrate inhibition. Therefore, it is also

important to locate the optimum pH levels before the evaluation of CO; effect.

Before the actual experiments on evaluating the effect of light or CO», selection of
an appropriate inoculum size is the foremost step towards developing a large-scale
cultivation system for microalgal growth. Apart from prolonged lag phases, lower
inoculum sizes can contribute in maximizing photoinhibition by increasing average light
intensity per individual cell (Bunt, 1968). Higher inoculum sizes can also decrease initial
specific growth rates and even decreases the lipid contents (Bohutskyi et al., 2016; Lu et

al., 2012).

Since the microalgae cultivation under diurnal sunlight is the only feasible method
towards economic biodiesel production (Wang et al., 2014), studies under diurnal pattern
of lighting similar to natural sunlight conditions are most relevant. However, we cannot
perform comparative/reproducible studies directly under sunlight due to highly unstable
climatic conditions. Studies under constant lighting are also useful for evaluating
photoinhibition and photolimitation characteristics and the combined effects of light and
COo,. Therefore LED lighting system with computer-dimmable technology was designed to
mimic diurnal sunlight. This part of the study is focused on the objectives namely: the effect
of inoculum size, light, pH control and CO2 on growth of microalgae in small-scale BC-
PBR. The combined effects of variations in light and CO; levels was studied to determine
the optimal CO: supply strategy with the aim of maximizing the biomass and lipid

productivity under diurnal LED lighting conditions.

5.2 Experimental design

In this study, all the experiments were carried out in batch mode using the small-

scale membrane-sparger equipped BC-PBR in a setup depicted in Fig. 5.1. For constant
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light and simulated sunlight OPTO22 control system was used. The pH was measured
online, whereas the dissolved CO, (dCOz) was measured offline at every 2 h for each of

the three BC-PBRs.
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Fig. 5.1 Schematic of three parallel small-scale BC-PBRs equipped with membrane sparger,
connected to OPTO22 control unit.

Estimation of cell density, phosphate and urea were carried out at start and end of
each light cycle. As mentioned in chapter 1, the temperature was not controlled deliberately

to make the process economic and to perform real-time (near-natural) studies.

The growth of FC2 was investigated at various inoculum densities ranging from
0.007 — 0.49 g L™ The studies were conducted at a constant light intensity of 1200 umol
m2 st with atmospheric CO; as carbon source. Light:dark cycle was maintained at 10:14

h. The obtained optimum inoculum density was maintained in all the subsequent studies.
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Since, outdoor sunlight intensity in Guwahati (India) region ranges from 0 — 2000
umol m? s, effect of constant light intensity on FC2 growth was evaluated at 106, 700,
1130, 1500 and 2000 pmol m? st at a constant CO; supply of 1% (1 VVM, CO in air).
The light:dark cycle was maintained at 10:14 h. During the dark periods, supply of pure
CO2 was stopped and only atmospheric air was provided to keep the culture mixing. At the

same time, O, would be available for respiration.

Various pH control strategies namely ‘full control’, ‘day control’ and ‘no control” were
applied in FC2 culturing by providing constant CO> supply of 10 % (1 VVM, CO: in air)
and constant light intensity of 1130 pmol m s*. The pH control set point was maintained
at 7.2. In ‘full control’ NaOH and CO2 were used as controlling agents for day and night
respectively. In ‘day control’, NaOH was used as controlling agent only during the daytime.
The pH was not controlled in ‘no control” experiment. Except in ‘full control’ experiment,
supply of pure CO; was stopped during the dark hours of culturing and only air was
provided to keep the culture mixing. Secondly, effect of pH control set point on the growth
of FC2 was evaluated at 5.9, 7.2 and 8.8 using HCI, CO, and NaOH according to the

requirements of respective experiments.

At a constant light intensity, 1130 pmol m? s?, dynamic growth and dCO:
concentration profiles of FC2 were studied under various CO2 levels (% in air, v/v) of
0.035% (atmospheric air), 1%, 2%, 5%, 10% and 15% that can produce different equilibrium

dCO: concentrations in liquid phase (Cgp,). This Cgo, Vvalues are the starting dCO:

concentrations in the respective experiments. In all the experiments, light:dark cycle was
maintained at 10:14 h by stopping pure CO2 during the dark hours. The pH was not
controlled in any of the studies.

Diurnal lighting was mimicked similar to outdoor sunlight intensities using the
LEDs via OPTO22-PWM control system. This could produce light intensities ranging from
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17 — 2000 — 17 umol m2 s during the light period. Under this lighting pattern, FC2 was
cultured by maintaining constant dCO- concentration of 100 + 10 mg L based on previous
experimental results. In order to maintain desired dCO, concentration in the culture, CO>
levels (% in air) were adjusted in a discrete manner. This light:dark cycle of 12:12 h was
chosen on the basis of average sunlight cycle in Guwahati region (India). After achieving
sufficient biomass density in growth phase, the centrifuged cells were transferred to urea-
free BG11 medium for lipid induction. High lipid containing biomass was transesterified

to analyse fatty acids in terms of fatty acid methyl esters (FAME).
5.3 Results and discussion

5.3.1 Effect of inoculum density on the growth of FC2

In this study, a higher light period-specific growth rate on day 1 (Hday1) Was chosen as
screening criteria for optimal inoculum density. The inoculum densities of 0.025, 0.07 and
0.12 g L exhibited almost similar paays of 1.50 + 0.11, 1.69 + 0.03 and 1.59 + 0.06 day™
respectively (Fig. 5.2). Whereas at higher inoculum densities, 0.25 and 0.49 g L™, pday1 Of
1.25 +0.10 and 0.79 + 0.09 day™* were observed respectively. Since, we could choose any
inoculum density from the range of 0.025 — 0.12 g L, inoculum density of 0.07 g L™ was
adapted for all further studies. And the inoculum densities below 0.025 g L* were
considered as limiting and above 0.12 g L™ were treated as inhibitive for FC2 culturing

(Fig. 5.2).
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Fig. 5.2 Initial period specific growth rates of Chlorella sp. FC2 IITG (FC2) at various inoculum
densities. Light intensity was maintained at 1200 pE m™ s with atmospheric CO, (from air) as
carbon source and light:dark cycle was maintained at 10:14 h.

5.3.2 Effect of light intensity on the growth of FC2

Based on the light period specific growth rates of all the culturing light periods, the
saturated light intensity for growth of Chlorella sp. FC2 IITG was observed in a broad
range of 700 — 1500 umol m? s? (Fig. 5.3B). This indicates that the strain could perform
photosynthesis up to 1500 pmol m? s without any photoinhibition. At 2000 pmol m? s*
light intensity (highest of outdoor sunlight tested), the specific growth rate of 1% day (Hday1)
was clearly showing photoinhibition phenomenon that would have occurred due to a very
high average light exposure per cell. Strangely, the phenomenon was noticed as a reversible
process for the strain from 2" day onwards (Fig. 5.3B). The reason behind this reversible
phenomenon can be depicted from an unusually observed highest specific growth rate of
“3.69 + 0.009 day*’ on 2" day (lgay2) Of culturing under 2000 pmol m? s, Since light was
provided from single side of PBR, it was strongly suggesting that the average light
availability across the diameter of PBR would have reached near to optimum value.
Consequently, highest specific growth rate was seen on the 2" day of culturing under 2000
umol m? s, In addition to the above reason, a special photo-protective mechanism could

also be responsible for sudden appearance of high and an abnormal specific growth rate in
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photoinhibited FC2 cells compared to the other light intensities. The specific growth rates
in none of the studies (including others) exceeded 3 day™. This photo-protective mechanism
was well cited as photorecovery phenomena (Han, 2002; Tikkanen et al., 2014). According
to this phenomenon, damage of a crucial D1 protein in photosystem 11 (PS 11) is responsible
for photoinhibition and this damage itself acts as an inducer for new D1 protein synthesis
to carry out usual photosynthesis. Moreover, it has reported as protective mechanism takes
place in overall culture even though few number of cells undergo photoinhibition
(Fernandez et al., 1998). This could also be another reason why the highest specific growth
rate was observed on 2" day in the case of 2000 pmol m? s, Since pday1 Was lesser than
Hday2 Of 2000 pmol m2 s grown cells, the rate of D1 protein recovery on day 2 might have

dominated over the rate of damage of D1 protein.

Thus, the photoinhibition was assumed to be reversible and recoverable in FC2 cells
even at the high diurnal light intensity of 2000 pmol m?s™. In order to confirm chlorophyll
damage due to photoinhibition, total chlorophyll content (Chl-a + Chl-b) was also measured
on each day morning of 4 days culturing (Fig. 5.3A). No significant decrease in chlorophyll
content was noticed at all the higher light intensities. And in fact this data was also
indicating that photosynthesis could get saturated after 700 pmol m2 s, Since there was
no evidence of photoinhibition at 1130 umol m? s, this light intensity was chosen as
optimum for further studies. Moreover, highest final biomass titer (Fig. 5.3C) of 4.06 +
0.06 g L was achieved at 1130 umol m2 s, Note that this light intensity is close to the
average day-light intensity range and much higher than typical optimum value, 200-300
umol m? s that is generally evaluated by illuminating from all the sides of reactor unlike

the current study (Dechatiwongse et al., 2014; Singh & Singh, 2015).
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Fig. 5.3 Growth analysis of FC2 under various LED light intensities (constant supply). A. Total
chlorophyll content (sum of chlorophyll ‘a’ and °b’), B. day wise (10 h light period) specific growth
rates, C. final biomass titers (bar graph) and overall biomass productivities of FC2. 1% CO; was
used as carbon source in all the experiments with a light:dark cycle of 10:14 h. This experimental
study was carried out in triplicate.

5.3.3 Analysis of pH control requirement for cultivation of FC2
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Fig. 5.4 Change in the pH after the addition of 600 pul of concentrated HCI while controlling the pH
at 7.2 by NaOH in day time (CO; sparged with air) and HCI in night time (only air sparging) for
pH control. The experimental condition was constant light of 1130 pE m?2 s and 10% CO:..
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As COz is supplied only during daytime, FC2 requires base (usually NaOH) in day
times and acid (usually CO- or HCI) in night times for pH maintenance. HCI was unable to
control alkaline pH in the night periods of culturing (Fig. 5.4). It was observed that pH was
raised within 20 minutes’ addition of 600 pl of concentrated HCI. This implied that H* ions

would be utilized for cell’s metabolism.

The HCl was reported to serve as a source of H* ion during heterotrophic cultivation
of FC2 (Palabhanvi et al., 2016) as it plays a key role in assimilation of nitrate. Therefore,
the dark phase (no carbon source) of photoautotrophic cultivation may also following

similar kind of H* ion absorption.
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Fig.5.5 Growth analysis of FC2 at various pH control studies along with major substrate analysis.
A. Biomass growth analysis for various pH control strategies. B. pH profile of ‘no control’
experimental study. C. Variation of pH set-points for optimization of FC2 growth (represented till
130 h) using full control strategy. D. Dynamic urea and phosphate profiles in the culture medium.
All the experiments were carried out at constant lighting of 1130 uE m™ s™ and 10% CO feed.
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Using CO:z as photoautotrophic carbon source as well as alkaline pH controlling
agent, three pH control strategies namely ‘full control’ (NaOH+CO?), ‘day control’
(NaOH) and ‘no control” (without pH control) were tested for growth of FC2 at 10% CO:
level. The pH in full control and day control was maintained at 7.2 + 0.1. In comparison to
day control, full control strategy exhibited higher biomass titer of 7.5 +0.01 g L™. However,
the growth patterns of FC2 were the same in both full control and no control strategies (Fig.
5.5A). This suggested that FC2 may be capable of growing well in wide pH range, 4.6 —

8.6 pH (Fig. 5.5B and Fig. 5.5A).

For further elaboration on this observation, the study hypothesized that there could
be a different set point for controlling pH instead of 7.2. The pH of 7.2 was chosen based
on previous reports on FC2 where pH control was carried out on the basis of optimum
initial pH values, 6 — 8, i.e., the optimization experiment was carried out at different initial
pH values. However, the optimum process pH control set point, which is maintained
throughout the study experiment can be different from optimum initial pH value. For
instance, Chlorella vulgaris shown optimum initial pH values ranging from 7 — 10, but its
growth was observed highest while process pH was controlled at 10 (Gong et al., 2014).
Thus, FC2 was also tested against three pH control set points, 5.9, 7.2 and 8.8 using full
control strategy, and pH of 7.2 was evaluated as optimum (Fig. 5.5B). The FC2 displayed
impressive growth even at no pH control, which could decrease the cost of process

technology for scale-up.

The ‘no control” experiment was continued until the stationary phase (Fig. 5.5A) in
order to evaluate yield coefficients of phosphate (96.54 g cells g phosphate™) and urea (7.41
g cells g urea?) in order to confirm their interference in other’s limitation effects. According
to the data, the stationary phase occurs at 7.41 g L™ primarily due to the phosphate

limitation.
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5.3.4 Evaluation of the combined effect of lighting and CO: feed at various CO: levels

(%)

In all the tested CO- levels ranging from air (0.035% CO.) to 15% (v/v), cells grown

at 2% COz level (C;p, = 100 mg L™") exhibited highest biomass titer and overall biomass

productivity of 4.33 + 0.12 g L (Fig. 5.6A) and 1.08 g L day* respectively. Maximum
specific growth rate (Lmax) of 2.95 + 0.24 day™* was observed on 1% day of culturing, which
was highest among all the individual pmax’ of other cultures. On day 2, specific growth rates
of 5% (C¢p, = 190 mg L™") and 10% (C;y, = 275 mg L") CO; levels, were observed
higher than 2% CO. level (Fig. 5.6C). This could be attributed to either light limitation in
2% CO- grown cells, due to higher biomass, or limitation of dCO. concentration. Based on
Beer-Lambert’s light attenuation coefficient (K. = 200 m? kg*) of Chlorella sp. (Ogbonna
et al., 1995), light becomes almost zero (< 1% of incident light intensity) at the center of
small-scale BC-PBR when cell concentration reaches about 0.67 g L™ with single-sided
incident light of 1130 HE m? s*. At the same time, continuously increasing cell density can
also demand more CO; and therefore, high supply rates to meet CO, uptake. For this reason,
CO: levels (% in air, v/v) should be elevated to maintain dCO2 concentration as per
increasing demand. Since, it is not practicable to overcome light limitation under realistic
diurnal sunlight conditions (main goal of this study); maintenance of desired dCO;
concentration by manipulating the CO> levels may be the only option for enhancing biomass

productivity in process design.
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Fig. 5.6 Effect of different CO; levels (% in air) on the growth of FC2. A. Dynamic growth analysis
of FC2 under various CO: levels in the range of 0.035% (atmospheric air) to 15% (C¢o, =
340 mg L™1). B. Dynamic dCO; concentrations profiles of FC2 cells cultured at CO levels of 1%
(Céo, = 60mg L"), 2% (Cgo, = 100mg L™Y), 5% (Cgo, = 190 mg L™') and 10% (C;o, =
275 mg L™1). C. Dynamic specific growth rates of FC2 calculated at the end of each light period
(based on 10 h). For all experiments, light intensity of 1130 uE m™ s was maintained constantly
with 10:14 h light:dark cycle. Since, FC2 was capable of growing without pH control; pH of the
culture medium was not maintained/controlled.

For the evaluation of desired/optimum dCO- concentration, dCO- concentrations of
FC2 cultures at different CO2 levels were measured with the dCO, probe at every 2.5 h

intervals. At 1% CO,, dCO> concentration was decreased with time during the lighting
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periods, which implied that CO> uptake rate for photosynthesis was higher than the CO>
supply rate. In the case of 2% CO., the dCO. concentration reached to steady state after
certain hours of culturing (Fig. 5.6B). The steady-state dCO. concentration suggested that
both the CO> uptake rate and supply rate were at equilibrium. Hence, the photosynthetic rate

in FC2 sustained at 2% CO;, feed.

In case of 5 and 10% CO: levels, dCO> concentration decreased during first 2 days
and 1 day of culturing respectively. In the later stages of cultivation, an increased dCO>
concentration was observed mainly due to the domination of CO> supply over decreasing
total CO- uptake rates due to the light limitation by increasing cells. Overall, the CO. supply
plays a critical role in maintaining the dCO> concentration in such a way that it should meet

the demand of increasing cells as well as required CO> uptake.

Cells grown at air and 15% CO> were clearly exhibiting limiting and inhibitive CO;
levels for FC2 respectively, possibly due to their low biomass yields. In 2% CO, conditions,
steady state dCO> concentration was maintained at 83 + 1 mg L™ consistently until biomass
concentration of 4.33 + 0.12 g L* was attained after 96 hours. This suggested that
photosynthetic rates were also sustained despite the incremental light limitation. The 2%

CO2 was determined as optimum for FC2 growth under the specified conditions.

The specific CO2 uptake rate in 2% CO. grown cells was measured as 19.8 mg (g
cells) ht. The value of steady state dCO, concentration of 2% CO, grown cells, 83 + 1 mg
L1 (500 ml culture) indicate that it could drop to much lesser value in large-scale cultivation
where the cell number will be high. Also, the steady state concentration should not drop
below 60 mg L™ as 1% CO; (Céo, = 60 mg L™) level was limiting for FC2 growth. Hence,
the maintenance of constant dCO> concentration (via modulation of CO: level) was chosen

as desirable CO: feed strategy for sustainable cultivation of FC2. For this reason, 100 = 10
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mg L (C¢o,0f 2% CO: level) was used throughout the culturing of FC2 under simulated

diurnal lighting using the designed smaller LED system.

5.3.5 Growth and FAME analysis of FC2 culture under diurnal lighting pattern

In this part of study, FC2 was cultured in simulated diurnal lighting (Fig. 5.7C) by
maintaining constant dCO; concentration of 100 + 10 mg L™ using OPTO22 controller
system. As the temperature was not controlled, the resulted temperature was due to light
intensity variation and algae metabolism (Fig. 5.7C). Though there was a biomass loss on
2" night of culturing, FC2 shown impressive growth performance under diurnal light
regime by exhibiting biomass productivity of 1.29 g L* day?, equivalent to optimum
lighting (1130 HE m? s) and CO2 (2% in air) conditions (section 5.4.4).. Through the light
periods, the CO. levels corresponding to maintenance of the desired dCO, concentration
(100 mg L) were observed to increase or decrease in proportion to supplied diurnal light
intensity (Fig. 5.7A and Fig. 5.7C). The reason would be an obvious demand of CO, by
photosynthesis cycle due to increase/decrease in light intensity. The elevated CO> levels at
high light intensities were also depicting effective photosynthesis and thus no
photoinhibition. The range of saturated light intensity for the FC2 strain might have
increased with increasing CO2 concentration as occurred in Lolium perenne L. (perennial
ryegrass, plant species) can (Wilson & Cooper, 1969). Although the outcome in Fig. 5.7A
suggested the importance of elevated CO> levels up to 3%, the reduced CO: levels below
2% from 2" day morning was abnormal (Fig. 5.7A). The CO; levels were fallen up to
0.8%, which occurred especially during the exposure of low light intensities. Recalling the
section 5.4.4, the equilibrium dCO; concentration (C¢,,) of 100 mg L corresponds to the
2% (in air) CO2 level in growth medium without cells, i.e., a minimum of 2% CO; level is
required to maintain C¢,, of 100 mg L. Hence, the phenomenon of reduced CO; levels

could be possible only when CO> was generated in tandem with the regular consumption.
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Therefore, it was assumed that CO, would be releasing into medium due to a well-known

phenomenon called photorespiration (Lloyd et al., 1977; Maurino & Peterhansel, 2010).
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Fig. 5.7 Characteristics of growth and FAME profiles of FC2 grown under diurnal lighting pattern
using the optimal CO- feed strategy. A. Dynamic profiles of discretely adjusted CO; levels (% in
air) along with dCO- concentration maintenance. B. Biomass growth and specific growth rates of
FC2 under diurnal lighting pattern. C. Variation of diurnal light intensity on the surface of BC-PBR
over the growth phase of total culturing period and dynamic resulted temperatures of FC2 culture
medium. D. FAME analysis of Chlorella sp. FC2 IITG under nitrogen (urea) starvation condition
for 6 days of lipid induction period. During the induction phase also, same diurnal lighting pattern
was followed. Urea-free BG11 medium was used during this phase. Diurnal light variations were
achieved by OPTO22 — PWM controller and the light:dark cycle was maintained at 12:12h (average
of Guwabhati region, India). The pH and temperature of the culture were not controlled.

In photosynthesis, Ribulose-1,5-bisphosphate-carboxylase/oxygenase (RuBisCO)
shares both oxygenase and carboxylase activities. Hence, photosynthetic rate decreases at
high O2 concentrations due to competitive inhibition of carboxylase (CO. fixation by
RuBisCO) activity, known as Warburg’s effect (Zelitch, 1971). Due to photorespiration, a
minimum of 25% fixed CO: could effluxes back to environment (Maurino & Peterhansel,
2010). Besides this, high temperatures can also favor Warburg’s effect to release more CO>
into the environment. However, the elevation of CO- levels beyond the 2% level at high

light intensities and high culture temperatures indicate the photosynthesis domination over
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the photorespiration (Fig. 5.7A and 5.7C). The photorespiration phenomenon was
pronounced more during the low light intensities when light limitation is maximum. The
FC2 cells reached stationary phase at biomass concentration of 5.79 +0.08 g L * (Fig. 5.7B),
after with the CO. levels were fallen below 1% (Fig. 5.7A). As the light limitation was
increasing after 120 hours, the combination of both dark respiration and photorespiration
might have dominated the photosynthesis. . Based on the phosphate yield and biomass
growth obtained in ‘no control’ experiment of previous section 5.4.3, the growth of FC2 in
this study could not be limited by phosphate as it stopped at 5.79 g L.
FC2 culture of cell density 5.79 + 0.08 g L was transferred to urea-free optimized
BG11 medium for lipid induction followed by biodiesel production. After 6 days of
induction phase growth, the FC2 produced a total FAME content (TFC) of 46.8% (of cell
dry weight) with an overall FAME productivity of 145 mg L™ day (Fig. 5.7D). The FAME
productivities of 85 mg L™ day™? (first 4 days) and 265 mg L* day* (last 2 days) at the end
of 4™ and 6™ day respectively indicating that the induction phase was continuing. After 6
days of total induction phase, the total FAME production was 2.38 g L. The cetane number
(CN) of the FAME mixture (biodiesel) was maintained in the range of 57 — 62 that are far
higher than required limits (> 47 by ASTM D6751 and >51 by EN 14214)), indicating the
fuel is applicable for operation of high speed diesel engines.
Apart from this, Table 5.1 suggested that main fatty acids (C16 — C18) accumulation
was increased from 74% to 89.41% (% of TFC) through the induction phase, suggesting
the nitrogen starvation improved quantity of biodiesel along with the maintenance of

quality.
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Table 5.1 Individual FAMEs profile of biodiesel produced from Chlorella sp. FC2 IITG during
the induction phase of culturing under diurnal lighting pattern.

FAME/Property name Sample Sample Sample

(144 h) (240 h) (288 h)
C12:0 0.024 0 0.08
C13:0 0.255 0 0.076
C14:.0 0 0 0
C15:0 0 0 0
C15:1 0.23 0.254 0.21
C15:2 0.232 0.196 0.18
C15:3 0.27 0.306 0.478
C16:0 1.32 1.07 1.85
Cl6:1 0.518 1.298 1.488
C16:2 0.2 0.32 0.28
C16:3 0 0.4 0.28
C17:0 0 0 0.52
Cl7:1 0.36 0.48 0.32
C17:2 0.348 0.58 0.37
C18:0 1.32 2.56 3.6
C18:1 Cis 0.972 1.74 2.62
C18:2 Cis 0.38 0.816 1.226
C20:0 0 0 0
Others 0.893 0.896 0.463
SAT FAME (% of TFC) 39.87 33.25 43.63
MUFA (% of TFC) 28.41 34.55 33.03
PUFA (% of TFC) 19.53 23.98 20.04
TFC (% DCW) 26.15 36.42 46.8

5.3.6 Biomass growth analysis in dark-phase of culturing

In all the conduct experiments of this study, a strange dark-phase growth was occurred
instead of usual night biomass loss. Generally, the biomass loss occurs as a result of dark
respiration that remained as another unavoidable problem affecting the productivity of
algae cultures (Edmundson & Huesemann, 2015; Ogbonna & Tanaka, 1996). The
fascinating growth of FC2 strain during night times was recorded and tabulated (Table 5.2).
Please note that dark periods (night) were maintained by covering the reactors with black
paper from all the sides. It was observed that 80-90% of dark-phase growth was occurred
in the first 5h of the 14h dark period (data is not shown). This was suggesting that the
absorbed energy from light periods would have promoted the growth in night periods.

Except at light intensity of 2000 HE m? s (section 5.4.2), FC2 cells shown positive net
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biomass gain in all the studies. Sometimes, biomass losses were also occurred along with
gains in the same experiments. However, higher night biomass gains were observed at
suboptimal/optimal light and CO> levels in comparison with low or high levels. In an
experiment conducted under natural sunlight conditions (data was not shown), night growth
was observed around 0.82 g L* within 3 days of culturing (Table. 5.2). Also, the biomass
grown under diurnal simulated sunlight (with LEDs) was shown to exhibit 0.88 g L* of net
biomass gain. Hence, the strain was proved to exhibit dark-phase growth irrespective of

light conditions.

Table 5.2 Dark phase growth of Chlorella sp. FC2 IITG in various studies.
Experimental study Net biomass gain in dark-phase

(gL

Variation of light intensities
(umol m?s™), 1 % CO,, 4 days.

106 0.14
700 0.80
1130 0.93
1500 0.70
2000 0.00

Variation of CO; levels (% in air) at
constant light 1130 pmol m?2s™, 4 days.

AIR 0.34
1 0.89
2 1.23
5 0.70
10 0.50
15 0.19
Diurnal LED lighting (100 ppm COg, 0.8 0.88

to 3 %), 4.5 days.

Natural sunlight, 1% CO;
(3 days, September 2016, mixture of
clear, cloudy and rainy daylights) 0.82
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Similar to this study, earlier reports on night cell divisions suggest that the dark-
phase growth is mainly linked to energy supply in the light regime, temperature, and cell-
cycle events (Chisholm, 1981; Harding & Heinbokel, 1984). Harding and Heinbokel
showed that cell divisions of a marine diatom, Ditylum brightwellii could take place at any
point of light or dark periods of culturing. . The occurrence of asynchronous cell divisions
causing night growth is mainly forced by environmental factors especially night
temperatures rather than the light regime experienced by the cells during light cycle
(Chisholm, 1981). As the temperature was not controlled in the current study to minimize
process costs, the natural temperature profiles might have promoted the dark-phase growth.
Therefore, the observation of dark-phase growth in the FC2 strain was considered

beneficial as it enhances overall biomass productivity.

5.4 Conclusions

This study was conducted in small-scale BC-PBR to evaluate appropriate inoculum
size, behavior of Chlorella sp. FC2 IITG at different simulated sunlight intensities,
optimum pH control set point, and combined effect of light and CO; at different CO: levels.
Consequently, an optimal CO> supply strategy under diurnal simulated sunlight was
proposed and investigated for FC2 growth and biodiesel production. . Based on specific
growth rates at different inoculum sizes, the optimum inoculum biomass density was
observed as 0.07 g L™ In this BC-PBR setup with unidirectional simulated sunlight
conditions, the strain’s saturated light intensities were observed in the wide range of 700 —
1500 pmol m? s, The strain has also been proved that it can overcome photoinhibition at
peak light intensities (2000 umol m s™) possibly by means of its intrinsic photoprotective
mechanism. In addition to this mechanism, 2000 pmol m2 s light intensity appears only
for few hours in diurnal lighting conditions. Hence, the photoinhibition was not noticed at
high light levels in the study conducted under simulated sunlight variation. Also, this strain
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of Chlorella is peculiar in exhibiting similar growth profile with (at pH 7.2) and without
pH control by mineral acid/base addition strategy. When the FC2 was tested against
different CO; levels (without pH control) under optimum light intensity of 1130 umol m
s1, 2% (in air) CO2 level was determined as optimum due to maximum biomass growth of
4.33 g L. Considering the dCO, concentration profiles during equilibrium and light
limiting conditions, ‘constant maintenance of 100 mg L™ dCO, concentration in light
periods’ was evaluated as optimal CO; feed strategy in small-scale BC-PBR under diurnal
light e.g., simulated sunlight by LEDs. . The strategy achieved sustained specific growth
rates and final biomass concentration of 5.79 g L™ with biomass productivity equivalent to
optimum light and CO; conditions. Apart from no temperature control from the perspective
of saving costs, the Chlorella strain in this study shown its unique abilities by growing
without pH control and exhibiting dark-phase growth, making the process of algae-

biodiesel production more economical.
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Development of a novel real time light intensity based CO: feed
strategy for enhanced Chlorella sp. FC2 IITG biomass
production in medium-scale BC-PBR under natural sunlight

6.1 Background and uniqueness of the study

The high downstream costs caused by lower biomass densities/productivities in open ponds
and closed photobioreactor technologies is the main commercial constraint for
establishment of commercial-scale algae derived biorefinery/biodiesel plant (Chisti, 2013).
High density cultivation is necessary to maximize multiple product generation and for
minimizing the cost of dewatering. (Chisti, 2013). Apart from optimization of
photobioreactor design (discussed in chapters 4 and 5), the role of process system
engineering is crucial for biomass production in large-scale bubble column/vertical
photobioreactors (Chen et al., 2011). In respect to process engineering, CO, feed is
important parameter for propagation under sunlight conditions, and several strategies for
high biomass production have been proposed (Singh & Singh, 2014). For example, the
maintenance of an optimum CO: level (% in air) throughout the culturing has been reported
extensively (Sung et al., 1999; Tang et al., 2011). Such optima CO. levels have been
determined for constant light intensity. However under continuously varying outdoor
sunlight conditions, the optimum CO: level is applicable only for a specific range of light
intensities and biomass concentrations. With growth, the rate of CO, uptake increases,
while increasing biomass concentration can lead to CO; limitation. Therefore,
corresponding increase in CO- levels with the increase of biomass density is critical.
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There are many ways to increase CO. supply during the culturing period. The easier
option is to increase CO- levels (% in air) or daily supply frequency based on the increasing
cell-density (Guo et al., 2015). This type of CO2 supply regime is termed biomass density
based CO; feed strategy. Otherwise, the CO- feed can also be regulated by controlling the
pH of culture at optimum set point referred to as ‘pH-stat CO, feed” (Chen et al., 2016;
Duarte-Santos et al., 2016). When CO: is the sole carbon source, the pH change in the
culture can be directly attributed to the CO> availability (Goldman et al., 1982). In general
at fixed CO. feed, the pH during the growth of microalgae culture, increases therefore,
elevation of CO. supply would counter the pH increase. The CO, can co-exist in three
forms depending on the pH level: as bicarbonate at neutral pH; dissolved CO- at acidic pH
and; carbonate at alkaline pH. Algae thrive better in bicarbonate and dissolved CO..
Therefore, efficient carbon assimilation occurs at neutral or acidic pH compared to the
alkaline pH (Imamura et al., 1983; Scherholz & Curtis, 2013). Consequently, an effective
pH-control system based CO> feed strategy will depend on the pH set point selection.

Currently, economic production of algae biomass for any cultivation system is only
feasible under natural sunlight conditions. In this study, the artificial lighting for simulation
of sunlight was used purely for experimental purposes. Since the natural sunlight is diurnal
with fluctuation of light intensities, the algal cells inevitably experience light limitation
during morning and evening times of a day. Seasonal changes also result in variation of
sunlight irradiation throughout the year. Hence, a study on Nannochloropsis Salina culture
in outdoor open ponds reported monthly varied CO, feed based on average sunlight
irradiation during a particular month (Malek et al., 2016). Also, observation of report on
cotton plant leaf (a C3 photosynthetic system similar to green algae) suggested CO:
assimilation rates under low light conditions were observed to be increased at lower CO,
partial pressures in comparison with high CO. partial pressures (Woo & Wong, 1983).

Whereas under high light conditions in the same study, the CO, assimilation rates were
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increased at higher CO; partial pressures compared to the lower CO». Therefore by
inference, light conditions will require commensurate CO, feed; this study hypothesized
requisite CO. levels throughout the daylight period should be based on the real time
sunlight intensity for optimum CO; assimilation and growth of microalgae.

In this chapter, a novel real time light based CO. feed strategy for growing
Chlorella sp. FC2 IITG towards biodiesel production is proposed in medium-scale BC-
PBR. To determine whether the proposed strategy could enhance the cell density of FC2,

following sequence of experiments were conducted.

a. Other known strategies namely: constant CO2 (% in air) feed; biomass-density based
feed and; pH-control based CO> feed were investigated to compare with the proposed
strategy under simulated sunlight. While comparing the above strategies, the effects of
high CO2, pH and DO accumulation on growth inhibition were mainly accounted.

b. To understand DO inhibition on FC2, the proposed strategy was tested at low DO
accumulation levels.

c. Consequently, the proposed CO; feed strategy was applied under natural sunlight to
perform two separate experiments on single-stage and two-stage lipid induction
processes for biodiesel production.

d. Additionally, the effects of scale-up and specific light availability on lipid induction
process were also investigated in small-scale BC-PBRs along with medium-scale BC-
PBR. Note that the small-scale experiments were performed purely for obtaining
additional information on scale-up losses (if any) and light-dependent lipid induction

(refer chapter 7), related to the biodiesel production.
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6.2 Experimental setup

All the experimental studies of indoor (diurnal simulated sunlight) and outdoor sunlight
were carried out in the medium-scale BC-PBR (Fig. 6.1), shown below. Probes for
measuring dissolved oxygen (DO), temperature and pH were located at the top end of the
PBR. Monitoring and control of pH, CO; flow rates, and the LED light intensity were

accomplished by the OPTO22 control unit.
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Fig. 6.1 Schematic of medium-scale BC-PBR showing the essential components.
6.2.1 Performance under indoor growing conditions
FC2 growth studies were firstly investigated in indoor using different CO, feed

strategies. For constant lighting conditions, 10:14 h (similar to small-scale BC-PBR
104
TH-2508 146106012



studies)_ of light:dark cycle was followed under 1130 pmol m? st of light intensity
(optimum of constant light intensities). For simulated diurnal sunlight conditions, 12:12 h
of light:dark cycle was followed based on a day of May month (Guwabhati, India) (Fig. 4.5).
The CO; enriched air flow rate was kept as 0.75 L min™ (0.08 VVM) for medium-scale (10
L) BC-PBR in all the experimental studies. The CO. feed was shut during dark cycles
representing absence of photoreaction, though the air flow was undisturbed to avoid settling

and to facilitate respiration.

6.2.1.1 Constant 2% CO- feed

As mentioned in the chapter 5, constant 2% CO; in air (3.34 cm s* superficial
velocity) was determined as optimum CO2 level for FC2 growth in small-scale BC-PBR
(H:175 mm, OD: 75 mm, ID: 69 mm and working volume 500 ml) under constant light
intensity of 1130 pmol m? s (typical average sunlight intensity throughout the day at
experimental area) with 10:14 light/dark period. Therefore, the performance of medium-
scale (10 L) BC-PBR was firstly evaluated by using same CO; feed condition under diurnal
simulated sunlight (12:12 h as light/dark period) to investigate the effect of diurnal lighting
on FC2 growth in comparison with constant lighting. To analyze the results more precisely,
another growth study was conducted to compare scale-up effect on the FC2 growth, i.e.
small-scale study (refer Chapter 5) vs medium-scale study with same CO. condition under

constant light intensity of 1130 pmol m? s,

6.2.1.2 Biomass-density based CO; feed under diurnal simulated sunlight

The variation of CO> levels with biomass density was investigated in medium-scale
BC-PBR by maintaining at 2% on first day, 2.5% on second day and 3% for the rest of

culturing time. Based on the 48 h growth profiles of FC2 at 0.04, 1, 2, 3, 5, 10 and 15%
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constant CO- levels (extracted and modified from chapter 5), 2 and 3% CO- levels were

selected as lower and upper limits.

6.2.1.3 pH-control based CO: feed under diurnal simulated sunlight

Two types of pH-control based CO> feed strategies were examined in medium-scale
BC-PBR. In Type-1, CO. was fed continuously to control the pH at 5.8 only during light
periods, whereas the CO, feed was stopped during the dark periods. The pH 5.8 was chosen
based on the pH observed in small scale experiment (refer chapter 5) with optimum CO>
level (2% in air) for FC2 growth and this acidic pH was believed to be more favourable for
algae growth than alkaline pH (Scherholz & Curtis, 2013). It should be noted that control
of pH by NaOH/HCl is not required for FC2 growth, studied previously in chapter 5. Based
on the performance of Type-| strategy, an alternative Type-Il strategy was proposed to
increase pH set points dynamically during the course of growth, wherever applicable. In
Type-I1 strategy, the pH set points were kept at 5.8 for first 2 days, 6.3 for next 3 days and
6.7 for the rest of culturing time. Note that the CO, feed for pH-control was carried out

only during simulated daylight condition.

6.2.1.4 Real time light based CO: feed under diurnal simulated sunlight condition

In this strategy, the CO- supply was regulated proportionately to the incident light
intensity for growing the FC2 in medium-scale scale BC-PBR. As a preliminary real time
light based strategy, CO levels in air were maintained as 2% at low light (< 800 pmol m
s1), 2.5% at moderate light (800 — 1700 pumol m2 st) and 3% at high light (1700 — 2100
umol m2 s intensities throughout the daylight equivalent period (Table 6.1). Subsequent
to the growth-phase, the lipid induction was carried out by two-stage lipid induction
strategy. For lipid induction, the biomass was harvested by centrifuging at 3000 RPM for
5 min followed by washing and re-suspended in 9.6 L of fresh N-free BG11 medium. The
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FC2 biomass with N-free BG11 medium was transferred to same 10 L BC-PBR under same
diurnal LED lighting and CO; feed conditions.

Table 6.1 Real time light based CO- feed strategies followed in the indoor and outdoor experiments.

Light intensity (1) CO:; flow rate
(umol m?s™) (% in air/Np)
Prototype of novel real time light based CO- feed (indoor using LED)
0<1<800 2.0
800 <1<1700 2.5
1700 <1<2100 3.0
Fine-tuned real time light based CO; feed (outdoor)
0<1<100 0.5
100 <1<450 1.0
450 <1<800 15
800 <1<1300 2.0
1300 <1<1700 2.5
1700 <1 3.0

6.2.1.5 Real time light based CO; feed at low DO levels under diurnal simulated

sunlight condition

There was a significant amount of DO accumulation in all the above strategies, which is
comparable with inhibitive values of some particular species. For example, the specific
growth rate was linearly decreased when Nannochloropsis sp. was cultured beyond the DO
level of 75% air saturation at 100 pmol m? s (Raso et al., 2012). Hence, it was imperative
to check the effect of DO accumulation on the FC2 growth. As the DO accumulation in the
real time light based strategy with air as aeration medium, was resulted up to 135% air
saturation (almost near to the 150% air saturation, that observed in the cases of biomass-
density and single point pH-control based strategies) (Fig. 6.4D, 6.6C and 6.7D), the growth
of FC2 was investigated at very low DO condition under diurnal LED light to check the
effect of DO accumulation in the culture. In this study, the DO accumulation was
minimized by sparging CO2 enriched N instead of CO> enriched air during light periods

only in the 10 L BC-PBR. However, in the night periods, the air only was used as aeration
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medium. The CO; feed strategy (% CO:z in N2) was kept same as light based CO- feed
strategy where CO- enriched air was used (Table 6.1). For further enhancement of FC2
biomass production, the DO accumulation was taken into consideration by decreasing the
DO levels in the experiment of real time light based strategy. Therefore, in this study, the
strategy was re-examined by using N as aeration medium instead of air. The CO:
enrichment in N2 was followed same as in section 6.2.1.4, i.e., preliminary real time light

based CO2 supply.

6.2.2 Outdoor studies under natural sunlight using real time light based CO, feed

Under natural sunlight, FC2 culture was firstly grown in medium-scale BC-PBR
with the preliminary light based CO, feed strategy that was used in the indoor study.
However, later experiments in the outdoor were conducted using a fine-tuned strategy
(Table 6.1) due to the failure of first outdoor study (discussed later). Two sets of ‘growth’
experiments were conducted in September 2018 and October 2018 where two-stage and
single-stage lipid induction processes were followed respectively for biodiesel production.
In the single-stage induction process, the FC2 culture was allowed to consume all the N-
source (i.e., urea) for its growth and therefore automatic lipid induction stage begins due to
zero/low nitrogen substrate in the medium-scale BC-PBR. In the two-stage process, the
biomass from medium-scale PBR was harvested at the end of growth phase (i.e., early
stationary phase) by centrifugation at 3000 RPM for 5 min followed by washing. The
harvested biomass was re-suspended in 9.6 L (working volume of medium-scale BC-PBR)
of fresh N-free BG11 medium (without urea).

For checking the effect of scale-up and specific light availability on lipid
production, three experiments of two-stage lipid induction process were conducted. From
the 9.6 L of re-suspended FC2 culture after harvesting, 8.85 L was transferred to medium-

scale BC-PBR. The remaining amount of 0.75 L was transferred to two small-scale BC-
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PBRs each one having 0.5 L (for scale-up effect) and 0.25 L. To the small-scale BC-PBR
having 0.25 L culture, 0.25 L of N-free BG11 medium was added for decreasing light
distribution per cell (specific light availability) to half of the PBR having 0.5 L culture.
The air/CO> conditions in dark cycles and the aeration rates (VVM) in the outdoor studies

were followed same as indoor studies.

6.3 Results and discussion

6.3.1 Influence of various CO; feed strategies under simulated sunlight condition

6.3.1.1 FC2 growth at constant 2% CO, feed

In this experiment, the FC2 could grow up to maximum biomass concentration of
4.26+0.09 g L™ with biomass productivity of 0.27+ 0.01 g L™ day*. However to reach such
biomass density, the strain took a long culturing time of 16 days (Fig. 6.2C). The CO, feed
and lighting conditions were shown in Fig. 6.2A. The pH was decreased from 5.8 to 5.0
initially in light period (Fig. 6.2B) and later it was increased up to 7.5 by the end of growth
phase. Thus the delayed biomass growth in medium-scale BC-PBR could definitely not due
to low pH as the strain was able to grow at same rate in a wide pH range of 4.5 - 7.5,
reported previously in chapter 5.The urea was also not limiting and phosphate was fed when
its concentration dropped below half of initial concentration (Fig. 6.2D). For checking the
reason of lowered biomass productivity in this study, another experimental study in
medium-scale PBR was conducted under constant lighting and 2% CO; feed conditions
that were followed in the previous small-scale study (refer chapter 5). In small-scale (0.175
m height) and medium-scale (2.75 m height) PBRs, the 4-day biomass titers were 4.33 and
3.15 g Lt respectively (Fig. 6.3). The corresponding biomass productivity was observed
lower in the medium-scale PBR as a result of scale-up effect. This could be due to the

height of 10 L scale PBR that possibly triggered CO> limitation and/or DO build-up at
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upper portion of the reactor. The biomass titer in medium-scale PBR under diurnal light
resulted 2.1 g L™ on 4" day, which was lesser than the growth in both small-scale and
medium-scale scale PBRs under constant light (Fig. 6.2C and Fig. 6.3). This could be
attributed to the continued light limitation effect caused by diurnal lighting conditions and
the scale-up effect. Overall, the reason for lowered biomass growth and productivity in the
medium-scale BC-PBR could be caused by light limitation, CO- limitation and/or oxygen
build up (due to scale-up effect), but not due to nutrient limitation or pH effects. Since the
diurnal nature of the sunlight is a natural phenomenon, only the impacts of CO- limitation

and oxygen inhibition were addressed further through various CO; feed strategies.
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Fig.6.3 Effect of PBR scale up and diurnal light on FC2 growth at constant 2% CO; level.

6.3.1.2 FC2 growth using biomass-density based CO. feed strategy

During growth period, the CO uptake rate is expected to increase with time due to the
increment in biomass-density day by day. Therefore, it is desirable to increase the CO>
supply as a simple strategy for addressing potential CO limitation. In the strategy
employed in this experiment, CO> levels (% in air) were elevated day wise as 2% for 1%
day, 2.5% for 2" day and 3% for 3™ day to the end of culture (Fig. 6.5A). The lower and
upper limits of CO2 were chosen based on the optimum and inhibition levels observed in

the 500 mL scale cultures of the same strain, studied in chapter 5 (Fig. 6.4).

Fig. 6.4 FC2 growth (at 48 h) at different constant CO; level (% in air) under constant LED light at
1130 pmol m? s (10:14 h of light:dark cycle) in small-scale BC-PBR. Data is extracted from

chapter 5.
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In the strategy, the measured biomass yield was 2.27+0.14 g L, which was lower
than for the constant 2% CO- level (Fig. 6.2C and 6.5C). When the cell growth was same
up to 3 days of culturing (1.7 g L) in both the cases of biomass-density based CO; feed
(2->2.5>3%) and constant 2% COo, the specific growth rate in the case of biomass-density
based strategy (0.2 day™) was less than for the constant 2% CO level (0.3 day™?) (Fig. 6.2C
and 6.5C). The recorded pH values due to combined effects of metabolism and CO: supply
were observed in the range of 5-6, which is tolerable for FC2 growth (Fig. 6.5B). Strangely,
a maximum dissolved oxygen (DO) of 150% air saturation was recorded consistently from
third day to the end of culturing period (Fig. 6.5D). This phenomenon was not observed
with the other CO; feed strategies investigated in this study. One possible reason is that the
constant maintenance of 3% CO: level might have induced the FC2 cells to release
constantly high DO into the growth medium. Another reason could be that the ratio of CO-
to light intensity also increased with the day-wise step increment of CO levels during the
lower lighting periods of the diurnal cycle (i.e., morning and evening times). Also, the light
intensity at a point inside the reactor decreases with the increased in biomass density in the
exponential phase of growth cycle. High COz to light intensity ratio and high DO conditions
have been observed to cause growth inhibition in the case of cotton leaf photosynthetic
process (Woo & Wong, 1983). From the outlined observations and reported study, a novel
real time light based CO; feed strategy was proposed, developed, and demonstrated from

this study and is covered later in chapter 7.
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Fig. 6.5 FC2 growth using biomass-density based CO, feed strategy under simulated diurnal
sunlight (indoor). A) Simulated supply light intensity at source (top) and CO- feed (bottom) during
artificial diurnal light cycles (12:12 h of light:dark cycle), B) pH of culture medium during the
growth of FC2, C) Biomass growth (square) and specific growth rates (circle) of FC2 during the
culturing time and D) DO concentration during the culturing time. The experiment was conducted
in duplicate to confirm the results.

6.3.1.3 FC2 growth using constant (Type-1) and dynamic (Type-II) set point pH-

control based CO- feed strategies

In Type-1 pH-control based CO; feed strategy, the growth of FC2 could reach only up to
2.63+0.05 g L by the end of 6 days (Fig. 6.6B). The reason for this lower biomass
concentration could be due to increased CO2 levels beyond the inhibition range after 72 h
(Fig. 6.6A). To maintain the desired pH of 5.8 in the FC2 culture, the pH-control unit raised
CO: levels to more than 5% (in air) after 72 h and thereafter reached up to 14% (Fig. 6.6A
and 6.6B). Note that the CO- levels of 5%, 10% and 15% (in air) are inhibitive to the FC2

(refer chapter 5 and Fig. 6.4). Apart from the CO> inhibition, a highest DO of 150% air
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saturation was observed only on fourth day and thereafter it was decreased and dropped till
115% air saturation (Fig. 6.6C). The decrease in DO from 150% to 115% air saturation
could be attributed to lowered photosynthetic rates due to raised CO- levels (> 5% in air)

beyond the inhibition range (Fig. 6.6A).
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Fig. 6.6 FC2 growth using pH-control based CO; feed strategy under simulated diurnal sunlight
(indoor). A and D) Simulated light intensity (top) and resulted CO, feed due to maintenance of pH
(bottom) during artificial diurnal light cycles (12:12 h of light:dark cycle), B and E) Biomass growth
(square) and specific growth rates (circle) of FC2 during the culturing time and C and F) Dissolved
oxygen concentration with respect to age of culture. A, B and C for Type-1 pH control based CO,
feed strategy and D, E and F for Type-I1 pH control based CO; feed strategy.
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Since the single set point pH-control based CO, feed strategy caused the CO> levels
to rise beyond the inhibition range, the set point had to be increased to decrease the supply
of CO. for minimizing typical CO> inhibition. Experimental pH set points were therefore
kept at 5.8 for first 2 days, 6.3 for next 3 days and 6.7 thereafter in the dynamic pH-control
based CO. feed strategy. The final biomass titer was 4.45+0.05 g L with a little
improvement in comparison with above two strategies (Fig.6.6E). However, the CO- levels
overshot the inhibition range (> 5% in air) even when the pH was controlled at 6.7 (Fig.
6.6E). Compared to the single set point pH-control strategy, the rise in CO: levels in the
dynamic pH-control strategy started late after 8 days of culturing (Fig. 6.6D). These raised
CO: levels were reached up to 10% by the end of 10 days, where the stationary phase was
occurred thereafter. Similar to the Type-I strategy, the DO in Type-Il strategy was 125%
air saturation on 2" day but it was decreased further due to rise in CO; levels only. It could
be interpreted that the alkalinity of this particular strain’s culture medium would be
increasing during the ‘control of pH by CO2 supply’. In this case, both the pH-control based
CO, feed strategies were unsuitable for achieving high cell densities under diurnal light,
primarily due to rise in CO; levels beyond the inhibitory levels. However, under the diurnal
light, the Type-II strategy might have scope for improvement if the set points are close
enough to avoid CO> limitation (especially during 3 — 4 days) and inhibition (during 8 — 10

days) (Fig. 6.6E).

6.3.1.4 FC2 growth using real time light intensity based CO, feed strategy

The rationale for developing a real time CO. feed strategy based on the diurnally varying
light intensities was drawn from outcomes of reported studies on cotton plant leaves and
Nannochloropsis salina (Malek et al.,, 2016; Woo & Wong, 1983). Hence, a novel

prototype of a real time light based CO, feed strategy was required to provide high CO- at
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high light and vice-versa under typical diurnal light cycle shown in Table 6.1. Experimental

results are presented in Fig. 6.7.

Based on varying average light availability, a model-based CO, feed was not
feasible as the light distribution becomes zero very soon at 0.67 g L. Therefore, the CO;
was purged proportionately to the magnitude of incident light intensity by keeping 2% and
3% CO: levels as lower and upper limits respectively (Fig. 6.7A and Table 6.1). The limits
for light-based CO: feed were selected on the basis of optimum FC2 growth at various CO>
levels (Fig. 6.4). The results show a final biomass titer of 5.12+0.30 g L™ in growth phase
with an overall biomass productivity of 0.57+0.03 g L™ day? within 9 days of culturing
(Fig. 6.7C and Table 6.2), higher than other known strategies investigated in this part of
study under diurnal simulated sunlight conditions (shown in additional information, section
3, appendices). The DO accumulation inside the culture reached a maximum value of 135%
air saturation during 4™ and 5" daylight cycles and decreased from 6" daylight cycle (Fig.
6.7D). The resulting pH values due to CO2 supply and cell’s metabolism were in the range

of 4.8 — 6.5 (Fig. 6.7B).

After the growth phase, the cells were transferred to N-free BG11 medium for biodiesel
production using two-stage lipid induction strategy under same diurnal lighting (described
in materials and methods section). The FAME analysis and results were shown in Table.
6.2, where all the FAME results were compared (discussed in section 6.3.3). After 24 days
of induction, highest FAME content of 30.81% was obtained with maximum biodiesel
concentration of 2.12 g L™ (productivity, 77.92 mg L day, based on induction period).
Based on the resulted maximum biomass titers in all the above indoor studies under diurnal
light, highest biomass titer and biomass productivity were obtained in case of real time light

based CO; feed strategy (Table 6.2). Hence, low CO. at low light and high CO; at high
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light (the ratio of CO2/light) is crucial for achieving high cell densities and productivities

under diurnal light.
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Fig. 6.7 FC2 growth using real time light based CO, feed strategy under simulated diurnal sunlight
(indoor). A) Simulated light intensity (top) and CO; feed (bottom) during artificial diurnal light
cycles (12:12 h of light:dark cycle), B) pH of culture medium during the growth of FC2, C) Biomass
growth (square) and specific growth rates (circle) of FC2 during the culturing time and D) Dissolved
oxygen concentration with respect to age of culture.

6.3.1.5 FC2 growth under low dissolved oxygen (DO) using CO2 enriched N

In this study, the CO- feed strategy was followed same as the prototype of real time light
based CO; feed strategy where N2 was used instead air as aeration medium (Table 6.1).
Under low DO conditions, there was a slight improvement in biomass productivity of
0.64+0.01 g L day? (Fig. 6.8) with the similar maximum biomass titer of 5.10+0.09 g L*

that observed in the previous experiment (section 6.3.1.4).
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This study was performed as significant DO accumulation of 125 — 150% air
saturation was observed in the above CO. feed strategies, which is comparable with
inhibition DO values of some particular species. For example in Nannochloropsis sp., the
specific growth rate was linearly decreased when the DO levels were raised above 75% air
saturation at 100 umol m2 s? (Raso et al., 2012). Therefore, it was deemed imperative to
study the effect of DO accumulation on FC2 growth. Since the low DO condition offered
same biomass titer in one-day advance when compared with CO> enriched air, N2 is not an
economical option as compared to air as aeration medium. Hence the CO- enriched air was
followed in the subsequent outdoor cultivation studies. Also, it was understood that DO
accumulation up to 150% air saturation cannot affect the growth of FC2 in the medium-

scale BC-PBR with the specified conditions.
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Fig.6.8 Comparison of FC2 growth at low DO and significant DO conditions using real time light
based CO, feed strategy under simulated sunlight.

6.3.2. Outdoor experiments under natural sunlight

6.3.2.1 Two-stage lipid production using real time sunlight based CO. feed strategy

On the basis of outcomes from the studies under simulated sunlight conditions,
prototype light based CO. feed strategy using air was applied for outdoor studies under

natural sunlight. In the initial experiment, FC2 cells died (culture colour was turned from
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green to white) unexpectedly possibly due to the sudden drop of culture pH (< 2.5) on
second day. This lower pH range had not been observed in controlled lab conditions (lowest
pH was 4.8 on day 2). It had been previously established that the FC2 strain could grow
well up to a lower pH of 4.5 without requirement for pH control (see chapter 5). The
acidification in the outdoor conditions would have occurred due to the release of H* ions
or organic/inorganic acids. The HPLC analysis of ‘growth medium without cells did not
reveal formation of acids. Hence, the drop of pH may be attributed to some abnormal
cellular activities leading to the acidification of growth medium. However, the reason for

this sudden drop in pH was not investigated further.

In the subsequent outdoor studies, the pH was controlled immediately using 4 N of
NaOH (one-shot) when the pH was dropped down to 3.5 on day 2 morning (Fig. 6.9). The
culture pH was remained above 4.5 (inhibition point) throughout the remaining growth
period. Prior to the recorded low pH, FC2 cells had also experienced a maximum DO value
of 222% of air saturation on first day, suggesting an exceptionally high photosynthetic rate
in the outdoor culture conditions compared to indoor cultures. The maximum DO
concentrations were 120% (on day 1) and 135% (overall) of air saturation in the indoor
study with prototype of real time light based strategy (Fig. 6.7D). This could have been

caused by higher light availability in the outdoor cultures.

Since, high DO was observed in the outdoor culture, the prototype light based CO>
feed used in the indoor was fined-tuned based on the report on cotton plant leaf at different
partial pressure of CO2 and light intensity conditions under varying partial pressures of O
(Woo & Wong, 1983). In the study, the CO> assimilation rate under low light condition and
O, partial pressure of 200 mbar was decreased at CO, partial pressure of 900 pbar as

compared to the 300 pbar. Conversely, the CO2 requirements was vice versa under high
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light condition and same O partial pressure. And this phenomenon was intensified upon

pH
[
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elevated O partial pressures around the leaf.
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/ with 4N NaOH

(Growth phase only)
Warly winter

(Growth phase only)
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0 48 9 144 192 240 288
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Fig. 6.9 One-shot pH control during the FC2 growth of diurnal-sunlight based CO; feed strategy in
outdoor experiments conducted in late summer (top) and early winter (bottom).

Based on the above information, the prototype of CO, feed was fine-tuned by
decreasing CO> levels further at low light regimes (morning and afternoon times, < 1300
umol m2 s1) under sunlight (Table 6.1) and used to grow FC2 by two-stage lipid induction
strategy. Based on the real time fluctuations of natural sunlight intensity (Fig. 6.10A), the
CO> level was manipulated at every 30 min interval as per bands prescribed in the Table
6.1. The CO. flow rates, outdoor temperatures, sunlight intensity, DO and culture
temperatures recorded are shown in Fig. 6.10A and 6.10B. It is shown that under the fine-
tuned real time light CO- feed, the FC2 was grown up to maximum biomass titer of 6.8+0.2
g L (8 days) corresponding to biomass productivity of 0.85+0.03 g L™ day™ (only growth
phase) (Fig. 6.10C). The phosphate (added intermittently for maintaining at least half of
optimum concentration) and urea consumption were shown in Fig. 6.10C. For lipid
induction, the culture was transferred to N-free BG11 medium on the eighth day when the
biomass concentration was 6.8 g L™ in the medium-scale BC-PBR.
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In order to determine the effect of light limitation and scale-up, the culture from the
medium-scale BC-PBR was aliquoted into two small-scale PBRs of same diameter. In the
first one, N-free original culture was tested without dilution, referred as control experiment
for both light limitation and scale-up. In the second PBR, the culture was diluted to 3.4 g
L (250 ml of N-free original culture and 250 ml of N-free medium) to determine the effect
of light limitation on lipid production. By diluting the culture, specific light availability
(light per cell) can be increased such that lipid content can also be increased as observed in
a recent study (Munkel et al., 2013). The time dependent biodiesel content (% of cell dry
weight) and biodiesel concentrations (g L) of both indoor and outdoor studies were
evaluated (Fig. 6.11). The results revealed that both specific light availability and scale-up
affects the lipid content of FC2 biomass (see discussion in later section 6.3.3). In the study
of small-scale (diluted), the biodiesel content of 55.47% was observed on 16 day of
induction phase, higher than small-scale (original) and medium-scale (original) cultures
(Table 6.2). The small-scale (original) and medium-scale FC2 cultures exhibited 42.29%
(20 days) and 34.86% (20 days) of biodiesel contents respectively (Table 6.2). This
suggested that the scale-up resulted in decreased lipid content (see discussion in later

section 6.3.3).
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Fig. 6.10 FC2 growth using real time sunlight intensity based CO, feed strategy under natural
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6.3.2.2 Single-stage lipid production using real time sunlight based CO. feed strategy

The centrifugation step used for transferring the cells into N-free medium for lipid
induction is energy intensive. In order to avoid the cost of centrifugation and wastage of
growth media water in two-stage process, single-stage lipid induction process was studied.
In this process, the culture was allowed to consume all the urea (N-source) after the growth-
phase and to enter the lipid induction stage directly. The fine-tuned real time sunlight based
CO;, feed was used for growth as well as lipid induction in the single-stage process under
sunlight along with intermittent phosphate supplementation (Fig. 6.10D and 6.10F).
Interestingly, the observed FC2 growth resulted a maximum biomass titer of 9.0+0.2 g L*
within 11 days corresponding to biomass productivity of 0.82+0.02 g L™ day™ (Fig. 6.10F).
Even though urea was consumed totally by the end of growth-phase, death phase was
appeared instead of continuing for lipid induction phase after a prolonged stationary phase
(Fig. 6.10C). The culture density decreased to 4.4 g L after 13 days of presumed induction
phase (Fig. 6.10C). Therefore, single-stage lipid induction process was deemed to have
failed to produce biodiesel from the FC2 strain under natural sunlight. However, enhanced
cell density of FC2 biomass feedstock could be highly beneficial for thermochemical
conversion of biomass feedstock into other biofuels and value added chemicals.

The FC2 cells grown in two-stage process experienced fewer fluctuations in
incident sunlight intensity as compared to the single-stage process (Fig. 6.10A and 6.10D).
However, poor light intensities from 5" day onwards decreased the final biomass titer in
the two-stage process as compared to the single-stage process (Fig. 6.10A, 6.10C, 6.10D
and 6.10F). The DO accumulation was also observed higher in case of two-stage process,
especially during the early stages of culturing when the lighting conditions were favourable

(Fig. 6.10B and 6.10E). Using the fine-tuned CO> feed and one-shot pH control, FC2 was
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grown successfully up to 6.8 g L™ (growth-phase) in two-stage and 9.0 g L™ in single-stage
lipid induction strategies respectively (Fig. 6.10C and 6.10F). As would be expected, the
biomass titers of FC2 in outdoor studies were higher than the indoor studies due to more
favourable lighting conditions. This outdoor 9.0 g L™* of biomass titer was highest of all the
experimental studies. In outdoor photoautotrophic cultivation, such high cell-density is
rarely possible in bubble-column PBRs. For example in a 8 L bubble column PBR (height,
1 m and inner diameter, 0.1 m), the outdoor cultivation of Chlorella vulgaris yielded a
maximum biomass titer of 2.6 g L™ by using CO, feed strategies namely: 2% CO; level
(with intermittent supply) and; 2% + 4% CO- levels (alternation supply) (Guo et al., 2015).
In another report on microalga Phaeodactylum tricornutum grown in a bubble column and
two airlift PBRs (working volume, 60 L; height, 2 m and inner diameter, 0.193 m) under
outdoor sunlight conditions, 4 g L™ of final biomass titer were observed using constant set

point (7.6) pH-control based CO; feed strategy (Sanchez Miron et al., 2002).

6.3.3 FAME analysis of biodiesel from FC2 grown under indoor and outdoor

conditions using real time light based CO; feed strategy

The lipid-rich FC2 biomass produced under indoor and outdoor conditions, and induced by
two-stage lipid induction process were analysed for FAME by gas chromatography
dynamically through stage of the lipid induction phase (Fig. 6.11). Data for individual
FAME composition and salient physico-chemical properties of biodiesel at highest total
FAME content (TFC) (all lipid induction studies) are listed in Table 6.3. In addition to the
results shown, the specific FAME content (C16 — C18, biodiesel quality determining
FAMESs) at maximum FAME concentration of all the lipid induction studies were

represented in terms of percentage of ‘total FAME content’ (TFC) (Fig. 6.11).
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In the two-stage lipid induction process using the medium-scale PBR, it took 24
days to achieve a highest TFC of 30.8% (of DCW) with 33.7, 25.8 and 40.5% (of TFC) of
saturated (SAT FAME), monounsaturated (MUFA) and polyunsaturated (PUFA) FAME
contents (Table 6.2 and Table 6.3). Whereas in the two-stage lipid induction process of
medium-scale outdoor study, a TFC of 34.86% (of DCW) was achieved on 20" day of lipid
induction phase (Table 6.2), which was slightly higher in amount as well as reached early
in comparison with the indoor study. This could be attributed to the enhanced growth
conditions in outdoor sunlight (contains reflected and diffused light in addition to direct
incident light). The SAT FAME, MUFA and PUFA (% of TFC) in the medium-scale
outdoor study were observed as 31.8, 28.3 and 36.9% respectively. The cetane numbers of
both the indoor and outdoor studies were 54.39 and 52.77 respectively, satisfying the
quality standards of biodiesel (Table 6.3). In the small-scale PBRs with dilution (250 mL
N-free original culture + 250 mL N-free medium) and without dilution, the maximum TFCs
were 55.47% (16 days induction) and 42.29% (20 days induction) respectively (Table 6.2).
In both cases, the cetane numbers were identical (56), higher than both indoor and outdoor
medium-scale PBR experiments. Results from small-scale experiments suggest that the
specific light availability affects the lipid production and productivity of FC2 biomass as
well. The difference in lipid content of non-diluted FC2 culture in 500 mL and 10 L scale
due to scale-up can also be explained in terms of specific light availability. The mixing of
microalgal cells (provides an adequate movement of algal cells from dark zone to light zone
inside the PBR) in small-scale system (0.175 m) is typically more efficient than higher
scale system (2.75 m) of vertical PBRs due to usage of same sparging system in both the
scales with similar superficial gas velocities. The final biodiesel production of two-stage
lipid induction strategy in outdoor 10 L scale (without dilution), 500 mL scale (without
dilution) and 500 mL scale (with dilution) were 3.30, 3.97 and 3.62 g L* with FAME

productivity (induction period) of 120, 154 and 195 mg L™ day™ respectively (Table 6.3).
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The results on the effect of specific light availability on FC2 strain were consistent with
other reported studies on Chlorella vulgaris and Nannochloropsis aculata (Munkel et al.,

2013; Su et al., 2011).

In the later outdoor study of single-stage lipid induction strategy in 10 L scale PBR,
lipid induction did not occur even though the urea (N-source) became zero after prolonged
stationary phase (Fig. 6.10F). The TFC of un-induced FC2 was 15.14% of DCW (Table 6.3
and Fig. 6.11). The cetane number of the biodiesel from the control sample was 46.6, which

was below the quality standards (Table 6.3).
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Table 6.2 Comparison of biomass and FAME production by Chlorella sp. FC2 IITG in different experimental studies

CO, feed strategy Biomass Growth Biomass FAME content FAME titer  Lipid induction FAME
titer (growth  period  productivity (g (% of DCW) (gLh period productivity
period) (gL~ (day) L day™) (day) (mg L™ day™)

1
)
Indoor under diurnal (simulated sunlight)

Constant 2% 4.26+0.09 16 0.27+0.01 na na na na

Biomass density based 2.27+0.14 5 0.45+0.03 na na na na

Single set point PH control based 2.63%0.05 6 0.44+0.01 na na na na

Dynamic set point PH control based 4.45+0.05 10 0.44+0.005 na na na na

Diurnal light (simulated sunlight) based 5.12+0.30 9 0.57+0.03 30.81 2.12 24 78

(two staged)

Diurnal light (simulated sunlight) based 5.10+0.09 8 0.64+0.01 na na na na

(low DO with N2 purging)
Qutdoor under natural sunlight

Diurnal sunlight based (single stage, 10L) 9.0+0.2 11 0.82+0.02 15.14 1.36 8 No induction
Diurnal sunlight based (two stage, 10L) 6.8+0.2 8 0.85+0.03 34.86 3.30 20 120
Diurnal sunlight based (two stage, 10 L na na na 42.29 3.97 20 154

followed by 500 ml)

Diurnal sunlight based (two stage, 10 L na na na 55.47 3.62 16 195
followed by 500 ml diluted)

na: not applicable; FAME titer was measured based on the final biomass titer achieved after lipid induction.
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Table 6.3 Biodiesel composition. and properties (at maximum % of total FAME content) under various

experimental conditions using real time light based CO; feed strategy.

Outdoor Indoor

FAME/Property name Two-stage Single-stage Two-stage

10 L scale 500 mL 500 mL 10 L scale 10 L scale

(20 Days) scale scale (0 Days) (24 Days)

(16 Days) (20 Days) (

(%DCW) (% DCW) (% DCW) (% DCW) % DCW)
C12:0 0.02 0.02 0.02 0.02 0.03
C14:0 0.05 0.05 0.04 0.01 0.04
C15:1 0.03 0.03 0.03 - 0.03
C15:0 0.03 0.02 0.03 0.04 0.02
C16:3 0.05 0.04 0.07 0.09 0.03
C16:2 0.60+0.02 0.60+0.01  0.62+0.03 0.57+0.02 0.29
Cl6:1 0.56+0.01 0.78+0.02  0.60+0.01 0.29 0.64+0.03
C16:0 2.29+0.12  3.98+0.13  2.23+0.15 0.78+0.03 2.22+0.13
C17:3 - - 0.09 0.02 -
C17:2 0.28 0.09 0.19 0.08 0.03
C17:1 0.05 0.05 0.12 0.02 0.05
C17:0 0.07 0.10 0.08 0.12
C18:2 trans 0.14 0.14 0.24 0.33 0.21
C18:2 cis 2.39+0.14  3.2240.10  2.92+0.11 1.26+0.13 2.76+0.11
C18:1 trans 1.98+0.11 - - - -
Cl8:1cis 0.04 4.37+0.14  3.02%0.17 0.44+0.01 1.40+0.12
C18:0 0.54+0.04 1.25+0.04  0.70+0.04 0.03 0.35
C18:3 0.01 0.01 0.02 0.02 0.01
C20:1 0.02 0.01 0.01 - -
C20:0 0.02 0.06 0.01 - -
Others 0.29 0.17  0.93+0.01 0.10 -
¥ C16-C18 (% of TFC)) 95.1 97.6 98.6 95.9 98.5
SAT FAME (% of TFC) 31.84 36.58 26.00 21.46 33.72
MUFA (% of TFC) 28.25 34.96 31.59 18.1 25.8
PUFA (% of TFC) 36.89 27.33 34.64 58.13 40.47
TFC (% DCW) 34.86 55.47 42.29 15.14 30.81

Biodiesel properties*

IV [g I, (100 g 0il)™] 90.62 78.80 90.08 123.07 93.95
SV [mg KOH (g oil)™] 191.67 194.38 181.16 194.81 197.69
CN 54.39 56.65 56.16 46.63 52.77
DU 162.64 89.62 100.88 134.37 106.75
HHV (MJ kg™) 38.28 39.04 36.52 38.60 39.63
v (mm? s, 40 °C) 3.88 4.13 3.67 3.64 4.07
p (kg m?) 0.85 0.86 0.81 0.86 0.88
FP (°C) 407 407 377 395 406
CP (°C) 7.77 8.97 4.80 5.00 9.22
PP (°C) 1.61 2.93 -1.61 -1.38 3.19
CFPP (°C) 4.57 5.74 1.69 1.88 5.98

*ASTM D6751 (for transportation fuel): CN > 47, 1.9 >v > 6.0, and FP > 93.

*EN 14213 (for heating oil): HHV>35, IV<120, 0.86 > p > 0.91, CP-location dependent.
*EN 14214 (for transportation fuel): CN > 51, IV<120, 0.86 > p > 0.91, CP-location dependent, CFPP

<+5(summer) or <-15 (winter).
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6.4 Conclusions

An efficient CO; feed strategy based on real time light intensity was developed for high cell-
density cultivation of lipid-rich Chlorella sp. under natural sunlight. The strategy was found to
be more effective than biomass-density and pH-control based CO, feed strategies. It has
produced highest cell-density of 9.0 g L™ in outdoor cultivation. When used with two-stage
lipid induction, 3.3 g L™ of biodiesel was produced under outdoor sunlight conditions. The
biodiesel production was affected by specific light availability. This novel CO; feed strategy
can also be applied for any kind of outdoor photobioreactor (open/closed) and microalgal

strain.
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Design of a novel bubble-driven and self-rotating mixer in BC-
PBR for enhanced biomass and biodiesel productivities of
Chlorella sp. FC2 11TG under natural sunlight conditions

7.1 Background and uniqueness of the study

After providing the optimum supplementation of CO, and nutrients, mixing is the crucial
parameter that should be considered for large scale production of algal biomass in
photobioreactors (Kunjapur & Eldridge, 2010; Pires et al., 2017). Appropriate mixing prevents
the microalgae cells from settling, minimizes the development of diffusion gradients for
nutrient absorption, strips out dissolved oxygen and most importantly, aids the algal cells to
move frequently enabling uniform exposure in any lighting period. It is known that mixing
enhances biomass productivity by maximizing the capture of solar energy leading to an
increase in specific light availability, i.e., light availability per algal cell (Munkel et al., 2013;
Wang et al., 2012). In addition, lipid induction (precursor of biodiesel) has also been reported
to be increased, coupled with the increase in nitrogen stress. It has been widely reported that
many algae strains show increased lipid content with increasing light intensity irradiation
(Chernova & Kiseleua, 2017). Therefore, efficient mixing can enhance both biomass and lipid

production.

Typically, the mixing in bioreactors or photobioreactors is enabled by aeration/air
bubbling, mechanical agitation (e.g., using integrated impellers) or static/non-static mixers

(e.g., baffles) (Huang et al., 2017; Wang et al., 2012). The bubble-driven mixing by rigorous
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aeration of liquid mixture are limited to small-scale PBRs (e.g., 500 ml scale PBR in the
previous experimental studies). The bubble-driven mixing through aeration cannot provide
efficient mixing in large-scale column or vertical tubular PBRs. On the other hand, mechanical
agitation is energy intensive with scale-up challenges due to limitations in tube diameter as a
critical design parameter for PBRs. For outlined reasons, the installation of static/non-static
mixers with flat panel and tubular PBRs have been investigated as they do not require external
energy inputs (Huang et al., 2015; Ugwu et al., 2003; Ugwu et al., 2002; Yan et al., 2018). In
general, static mixers act as baffling system that create local turbulences due to the motion of
bubbles and/or fluid flow. From the turbulences, algal cells are agitated and near uniformly
exposed to light/dark zones inside the PBR. The mobile or non-static mixers are more effective
as they directly cause motion due to their rotations in addition to the localised turbulences.
However, these advantages have seldomly been displayed and, to date, only a single
publication has described the use of mobile mixer with tubular PBR (Yan et al., 2018). The
report highlights the design of a single and long helical rotor that can be self-rotatable by the
virtue of continuously recirculating algae culture, making the rotor to run without extra energy

inputs.

In this part of study, the objective was to design a novel bubble-driven mixer that would
enhance biomass growth of the model microalgae and biodiesel production by increasing
specific light availability inside the BC-PBR. The mixer should rotate by the virtue of bubble
flow without external energy for mechanical rotation and, should be adaptable in all the scales
of algae production. Therefore, the designed mixers were firstly installed and tested in 500 ml
small-scale bubble-column PBR. Later, the mixers were scaled-up to 10 L medium-scale
bubble-column PBR.
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7.2 Bubble-driven mixer design and test

The designed self-rotating bubble-driven mixer is comprised of a rotating body
mounted on a stationary shaft (Fig. 7.1). The rotating body with the blades was made of
transparent plastic material. The stationary shaft was made of hard plastic pipe to be integrated
along the inner diameter of the PBR (Fig. 7.2). The bubble-driven mixers were installed in 10
L medium-scale BC-PBR (Fig. 6.1, see chapter 6). The mixer did not rotate while the reactor
was kept straight and perpendicular to the ground during initial testing. This resulted a dynamic
equilibrium due to evenly distributed bubbles in the column. Subsequently, this was corrected
with positioning setup with 15° —20° angle to the ground (Fig. 7.2), thereby generating uneven

bubble force to enable continuous blade rotations.

69 mm (inner diameter of PBR)

Angle of wing to centre of axis = 45° "" =
Angle of wing to surface of rotating body =90°  « -~

Side view
Fig 7.1 lllustration of novel bubble-driven mixer showing key dimensions. The distance between the
centre of axis and the tip of wings is 27.5 mm such that it could generate a clearance zone of 7 mm
inside the PBR after the rotation. Hence, the radius of imaginary sphere around the rotation could be
27.5 mm that can cause all the cells inside the sphere to expose light/dark zones with higher frequency
compared to control (without mixer).
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Fig. 7.2 Integration of bubble-driven self-rotating mixer to the BC-PBR

7.3 Experimental setup and methods

The designed mixers were firstly installed in 500 ml small-scale bubble-column PBR
to test whether the biomass production of FC2 is enhanced. Subsequently, the mixers were
equipped in 10 L medium-scale bubble-column PBR to evaluate the mixer performance on up-
scaled growth of microalgae and lipid induction for biodiesel production. The experimental

setup of mixer equipped 10 L BC-PBR with essential components is shown in Fig. 7.3.
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Fig 7.3 Schematic representation of medium-scale BC-PBR with novel bubble-driven mixers.

7.3.1 Investigation of FC2 growth in small-scale BC-PBR with integrated mixers under

simulated sunlight conditions

Initially, the mixer’s capability to enhance biomass productivity was investigated in small-
scale BC-PBR setup (500 ml of working volume). Since small-scale BC-PBR was already
proved to be efficient at 2% constant CO- feed (see chapter 5), the same strategy was followed
for experiments under diurnal simulated sunlight conditions. In this study, FC2 was grown in

two sets of experiments sequentially at 1.0 VVM (0.5 L min't) and 1.5 VVM (0.75 L min*t)of
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aeration rates, where each set was consisting of one PBR with mixer and another PBR without
mixer (as control study). Due to these aeration rates, the bubble-driven mixer could self-rotate
with an average speed of 27 and 37 RPM at 1.0 VVM and 1.5 VVM respectively. Generally,
impellers/mixers in stirred tank reactors cause shear stress to biological cells. Therefore, the
shear sensitivity of the model microalgae was checked under bright field microscope while

investigating the performance of newly designed mixer in small-scale PBR experiments.

7.3.2 Investigation of FC2 growth in medium-scale BC-PBR with integrated mixer

under simulated sunlight conditions

For these experiments, nine bubble-driven mixers spaced 30 cm apart were installed in 10 L
medium-scale BC-PBR. The setup was firstly evaluated under diurnal simulated sunlight to
establish performance. As prototype of real time light based CO, feed (Table 6.1) was
determined as optimum for FC2 growth in medium-scale PBR under indoor conditions, the
same CO; feed strategy was followed and biodiesel was produced by two-stage lipid induction
methodology. In the lipid induction phase, the lipid content of FC2 biomass was analyzed at

4-day interval via FAME extraction and gas chromatography analysis.

7.3.3 Investigation of FC2 growth in medium-scale BC-PBR with integrated mixer

under natural sunlight conditions

Performance of the medium-scale PBR with bubble-driven mixers was investigated under
natural sunlight conditions using fine-tuned real time sunlight based CO. feed strategy (Table
6.1). Under natural sunlight conditions, two experiments were conducted sequentially to test
and enhance biodiesel production based on the biomass density at the end of growth-phase. In

the first experiment, two-stage lipid induction was started after the cell growth reached
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stationary phase. In the second experiment, the FC2 growth was re-investigated by starting the
two-stage lipid induction at biomass titer when day-wise biomass productivity was highest. In
both first and second experiments, the lipid contents were analyzed at every 4-day and 2-day

intervals respectively.

7.4 Results and discussion

7.4.1 FC2 growth in small-scale BC-PBR with integrated mixers under simulated

sunlight conditions

Based on the rotational speeds at the aeration rates of 1.0 VVVM (corresponding gas
flow rate is 0.5 L min™) and 1.5 VVVM (corresponding gas flow rate is 0.75 L min), the mixer’s
Reynolds numbers (calculated by assuming water as medium, formula: Reynolds number = (n
x D2 x p) / v, where ‘n’ is rotational speed of mixer, ‘D’ is diameter of imaginary sphere creates
by mixer, ‘p’ is density of water and ‘v’ is viscosity of water) were 9.1x10* and 12.5x10* at
27 and 37 RPM respectively. At both the gas (CO> + air) mixture flow rates, 0.5 and 0.75 L
mint or aeration rates, 1 and 1.5 VVM, the mixer has improved the biomass productivity by
achieving the final biomass titer in one-day advance compared to the control study (Fig. 7.4A
and 7.4C). Similar to the growth patterns of both the cases, high chlorophyll content was
observed in the mixer equipped BC-PBR only (Fig. 7.4B and 7.4D). Moreover, the deviation
in cell density was more at the lower gas flow rate of 0.5 L min than at the 0.75 L min™*. This
was suggesting that mixer may be more effective at lower aeration rates compared to the higher
aeration rates. Also, macro-level mixing (causing more frequent exposure of algae cells to local
light:dark cycles) at lower aeration rates is less efficient than higher aeration rates. Due to this

phenomenon, the biomass productivity was also observed more at higher gas flow rate or
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aeration rate (Table 7.1). However, the bubble-driven mixer could improve overall biomass

productivity even at that higher gas flow rate of 0.75 L min™.
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Fig. 7.4 Effect of novel bubble-driven mixer in small-scale BC-PBR (500 mL) at different gas sparging
rate with 2% constant CO, feed under diurnal simulated sunlight. A. and B. growth and Chlorophyll
content of FC2 at 1.0 VVVM aeration rate (0.5 LPM gas mixture (air +CO,) sparging) respectively. C.
and D. growth and chlorophyll content of FC2 at 1.5 VVM (0.75 LPM gas mixture (air +CO,) sparging)
respectively.

Table 7.1 Comparison of biomass productivities of FC2 in small-scale BC-PBR (500 ml working
volume) equipped with and without bubble-driven mixer.

Aeration rate Biomass productivity (g L™ day™)

(VVM) With mixer Without mixer
1.0 (0.5 LPM) 0.76 £0.03 0.68 £0.02
1.5(0.75 LPM) 0.86 £0.04 0.76 £0.02
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7.4.2 FC2 growth in medium-scale BC-PBR with integrated mixer under simulated

sunlight conditions

In this study, the results indicated that the 10 L medium-scale BC-PBR having bubble-driven
mixer exhibited the maximum biomass concentration of 5.1 g L™ one-day earlier (8 days) when
compared to the medium-scale BC-PBR without mixer (Fig. 7.5A). The total chlorophyll
content of FC2 biomass was also observed higher in case of mixer equipped BC-PBR (Fig.
7.5C). The dissolved oxygen accumulation was also increased with the highest value of 190%
air saturation recorded in case of mixer equipped BC-PBR compared to the BC-PBR without
mixer (Fig. 7.5D). As the objective of installing mixer was to increase the light availability per
cell by mixing, the resulted high DO would be due to high photosynthesis caused by higher
specific light availability to algae cells. In two-stage lipid induction strategy conducted in
mixer equipped BC-PBR, a total FAME content of 25.75+0.49 % DCW was achieved within
8 days of induction with 121.8+5.5 mg L day* of FAME productivity (Fig. 7.5B). Whereas
in the BC-PBR without mixer, it took 20 days to achieve FAME content of 26.79+0.27 %
DCW with FAME productivity of 74.6+0.3 mg L™ day?. The observations suggest that the
increased specific light availability due to bubble-driven mixer enhanced the lipid production.
The study was subsequently extended to investigate the FC2 growth under natural sunlight

conditions.
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Fig. 7.5 Effect of novel bubble-driven mixer in medium-scale BC-PBR (10L) under diurnal simulated
sunlight followed with prototype of real time light based CO- feed strategy. A. Growth of FC2, B. total
FAME content and C. chlorophyll content of FC2 in BC-PBR with (square) and without (circle) mixer
and D. Dissolved oxygen accumulation in 10 L BC-PBR with (star) and without (circle) mixer.

7.4.3 FC2 growth in medium-scale BC-PBR with integrated mixer under natural sunlight

conditions

In this part of study under natural sunlight conditions, the outdoor temperature and sunlight
intensities in the first 3 days of culturing was almost similar in both the experiments (Fig. 7.6),
i.e., BC-PBR with and without bubble-driven mixers installation. Sunlight intensity in the
experiment with mixer was lesser than the experiment without mixer. Hence, the growth of

FC2 in medium-scale BC-PBR with and without integration of mixer under natural sunlight
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conditions were compared. After three days of culturing time, the biomass titers in the PBR
with and without mixer were observed as 4.4+0.2 and 3.9+0.2 g L™ respectively (Fig. 7.7A).
The total chlorophyll content and accumulated DO in the experiments with and without mixers
were shown in Fig. 7.7B and 7.7C. As far as the experimental studies conducted, this high DO
of 336% air saturation (with mixer) has never been observed elsewhere. The results show
enhanced oxygen production in mixer equipped BC-PBR possibly due to more efficient
photosynthesis attributed to increased specific light availability in BC-PBR with integrated
mixers. However, the final biomass titer of FC2 with mixer achieved up to 8.6 g L™* (stationary
phase) with 0.86 g L* day?, which was almost similar to the study without mixer. This
observation suggests that the enhanced specific light availability due to mixer integration might

not be sufficient to overcome the light limitation caused by high biomass densities (e.g., 8.6 g

L7
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Fig. 7.6 Comparison of natural sunlight conditions, sunlight intensity (dashed line) and temperature
(dash dot dash line) and fine-tuned real time CO; feed (continuous line). A. BC-PBR with bubble-
driven mixers and B. BC-PBR without bubble-driven mixers.
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Fig. 7.7 Effect of novel bubble-driven mixer in medium-scale BC-PBR (10L) under diurnal natural
sunlight followed with fine-tuned real time sunlight based CO, feed strategy. A. Growth of FC2 and B.
chlorophyll content of FC2 in BC-PBR with (square) and without (circle) mixer and C. Dissolved
oxygen accumulation in 10 L BC-PBR with (star) and without (circle) mixer.

Also, the lipid content in terms of FAME was also accumulated only up to 15.95%
DCW in 8 days with a starting FAME content of 4.71% DCW. The quality determining FAME
composition i.e., C16 — C18, was 75.13% of total FAME, which should be at least 80% for
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producing quality biodiesel from microalgae (Table 7.2). Hence, the properties of biodiesel
like higher heating value (HHV) and density were not satisfying the European biodiesel
standards (i.e., EN 14213 for heating oil and EN14214 for transportation fuel) (Table 7.2)
(Knothe, 2006). Even the biodiesel properties at 15.95% DCW were not satisfying the
European and American biodiesel standard values (Table 7.2). The low production of FAME
in FC2 strain is attributed to the dependence of lipid induction process on specific light
availability (see chapter 6). The light availability at 8.6 g L was not favourable for lipid
induction even though the mixer was integrated in the PBR. Therefore, the objective of
achieving high microalgae biomass production with quality biodiesel would not be feasible at

high growth-phase biomass density, i.e., 8.6 g L™.

On the basis of enhanced lipid contents at higher specific light availability (see chapter
6, section 6.3.2.2), another experiment was performed for high biomass and biodiesel
productivities. In this experiment, growth-phase of FC2 was seized at 4.24 g L™ when biomass
productivity was maximum, i.e., 1.42 g L day* (Fig. 7.8). This ensured successful lipid
induction as well as ability of the mixer to induce lipids with faster rates. The results indicated
that the highest total FAME content of 48.85% DCW was achieved only within 4 days of lipid
induction (7 days of overall culturing time) (Fig. 7.8). The biodiesel productivity in lipid
induction phase was 753 mg L™ day™ (overall biodiesel productivity was 521 mg L™ day™),
which is the highest of all the experiments performed in this thesis study (refer additional

information, section 2, appendices).
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Fig. 7.8 Growth of FC2 and lipid accumulation for high biomass and biodiesel productivities using
novel bubble-driven mixer under natural sunlight

The obtained biodiesel productivity due to the mixer integrated BC-PBR (a vertical
tubular PBR) in this study is significantly higher than many reported studies on Chlorella
vulgaris (refer Appendices, section 2 for additional information). For example in a Chlorella
vulgaris strain grown in 30 L flat panel PBRs (0.03 m of path length) integrated with static
mixers, 44.6% of TFC (% DCW) with induction-phase FAME productivity of 390 mg L day
! was reported under natural sunlight conditions (Munkel et al., 2013). In that study, the two-
stage lipid induction was applied to induce lipid when biomass concentration was 3.8 g L*
(Munkel et al., 2013). In the current BC-PBR setup with mobile mixers, it should be noted that
similar TFC (% DCW) with 1.9 times more induction-phase biodiesel productivity was

achieved despite the path length of reactor is 2.5 times more than the reported study.

The produced biodiesel in terms of iodine value, saponification value, degree of
unsaturation, cetane number, higher heating value, viscosity, density, flash point and cold flow
properties was satisfying the standard properties of biodiesel suggested by American Society

of Testing and Materials (ASTM D6751) and/or European Norms (EN 14213/14) (Table 2)
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(D6751-20, 2020; Knothe, 2006). The iodine value and degree of unsaturation of the 4.2 g L
derived biodiesel were significantly lower than the 5.1 g L study (indoor), indicating the
better oxidation stability, shorter ignition delay, decreased emissions of total hydrocarbons and
nitrogen oxides (NOy), and decreased white smoke of final biodiesel (Benjumea et al., 2011,
Schober & Mittelbach, 2007). But the biodiesel produced with 8.6 g L (initial biomass titer
at the start of induction) did not satisfied the standard properties of biodiesel, i.e., lower HHV
and density than the specified limits in EN 14213 and 14214, respectively. Thus the biodiesel
produced with very high biomass density at the start of induction-phase could be neither used
as heating oil nor transportation fuel. The reason for the lower HHV and density of biodiesel
derived from 8.6 g L™ biomass concentration was the lowered total FAME content (TFC) in
the final biomass due to very low light availability in comparison to the biodiesel derived from
the biomass concentrations of 4.2 or 5.1 g L? as initial biomass titers at the start of lipid
induction-phase (Table 2). Even the quality determining FAMEs, C16 — C18 of biodiesel
derived from 8.6 g L™ were as low as 75.13% (of TFC) when compared to the 93.59% and
95.27% of the biodiesel derived from 5.1 g L™ (simulated sunlight condition) and 4.2 g L
(natural sunlight condition), respectively. Hence, the quality biodiesel production from
microalgae under N-stress is also governed by initial biomass titer at the start of lipid induction
(i.e., the lipid induction is a strongly light-dependent phenomenon) and efficient mixing for

increasing the average light exposure (i.e., current mixing arrangement).
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Table 7.2 FAME composition and properties of produced biodiesel (at maximum TFC) from FC2
biomass grown under various experimental conditions using diurnal-light based CO; feed strategy

FAME/Property name Indoor Outdoor studies
study

86¢gL" 42gL"
C12:0 0.02 0.02 0.03
C14:0 0.02 0.02 0.04
Ci15:1 0.03 0.02 0.03
C15:0 0.04 0.03 0.05
C16:3 0.09 0.03 0.12
C16:2 0.53+0.04 0.23+0.02 0.84+0.05
Ci16:1 0.74+0.03 0.02 0.96+0.07
C16:0 1.39+0.09 0.73+0.13 3.05+0.12
C17:2 0.11 0.22+0.01 0.06
Ci7:1 0.06 0.01 0.05
C17:0 0.03 0.008 0.05
C18:2 trans 0.33+0.02 0.15+0.02 0.29+0.03
C18:2 cis 1.37+0.1 1.06+0.06 3.07+0.14
C18:1 trans - 0.34+0.02 -
C18:1 cis 1.70+0.12 0.33+0.05 3.28+0.15
C18:0 0.07 0.08 0.74+0.02
C18:3 0.04 0.02 0.05
C20:1 - 0.01 0.02
C20:0 - - 0.02
Others 0.29 0.63 0.35+0.02
C16 — C18 (% of TFC) 93.59 75.13 95.27
SAT FAME (% of TFC) 22.99 20.33 30.19
MUFA (% of TFC) 36.79 9.2 32.85
PUFA (% of TFC) 28.28 34.40 27.23
TFC (% DCW) 25.4+1.50 15.95+1.70 48.85+1.89

Biodiesel properties

IV [g 12 (100 g 0il)*] 97.77 80.18 93.66
SV [mg KOH (g oil)™] 190.16 137.17 190.98
CN 53 68.05 53.80
DU 93.35 78.01 87.32
HHV (MJ kg™) 37.89 30.49 38.19
v (mm? s, 40 °C) 3.73 2.88 3.89
p (kg m?) 0.84 0.68 0.85
FP (°C) 406 383 405
CP (°C) 5.66 3.96 7.16
PP (°C) -0.67 -2.52 0.96
CFPP (°C) 2.53 0.87 3.99

*ASTM D6751 (for transportation fuel): CN > 47, 1.9 >v > 6.0, and FP > 93.
*EN 14213 (for heating oil): HHV>35, IV<120, 0.86 > p > 0.91, CP-location dependent.

*EN 14214 (for transportation fuel): CN > 51, IV<120, 0.86 > p > 0.91, CP-location dependent, CFPP
<+5(summer) or <-15 (winter).
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7.5 Conclusions

This study was conducted to design and integrate a novel bubble-driven mixer in
membrane-sparger equipped bubble column PBR enabling higher specific light availability,
thereby enhanced biomass and biodiesel productivities from model microalgae strain,
Chlorella sp. FC2 IITG. In 500 ml small-scale and 10 L medium-scale BC-PBRs the mixer
was firstly characterized for higher biomass and lipid productivities under simulated sunlight.
The minimum mixer’s Reynolds number in both 500 ml and 10 L scale BC-PBRs was observed
as 9.1x10% indicating the occurrence of fully turbulent flow of fluid around the novel bubble-
driven mixer. The mixer induced light/dark fluctuations have successfully improved the
productivities of both biomass as well as biodiesel from Chlorella sp. FC2 TG in all the
conducted experimental studies (additional information, section 3, appendices). The results
were also confirmed by analysis of total chlorophyll contents and dissolved oxygen profiles in
the studies with and without the use of bubble-driven mixer. Since 8.6 g L was unable to
induce lipids for quality biodiesel despite of integrating the mixer, the biodiesel production
was re-investigated by starting the two-stage lipid induction at 4.2 g L™ of biomass density (a
point at which the biomass productivity was highest in the prior experiment in which maximum
biomass titer was 8.6 g L™?). In the study, the mixer equipped BC-PBR has achieved 1.4 g L
day? (growth-phase) of biomass productivity and 753 mg L' day? (induction-phase) of
biodiesel productivity. At the end of induction-phase, the final biomass titer and biodiesel

production were 7.5 g L't and 3.7 g L™ respectively.
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Overall conclusions

As a third generation biofuel/biodiesel feedstock, microalgae biomass has potential to produce
high oil per unit area. However, the economics of biodiesel production from algae has been
suffering from low biomass yield, therefore, lower biodiesel productivity, arised from open
pond cultivation practices and high investment photobioreactors (PBRs). Therefore, current
study is interested in developing a cost-effective photobioreactor with effective process design
and engineering to produce high biomass and biodiesel yields under natural sunlight. Based on
major influence factors of microalgae cultivation, the study is firstly aimed to design and a
low-cost cum mass trasnfer efficient PBR. Subsequently, the effect of light and CO2 on the
model microalgae strain is well understood for growth optimization under diurnally varying
light instead of constant light. Followed by that, high biomass yielding CO; feed strategy is
developed to implement under both simulated and natural sunlight conditions. Finally an
additional mixing equipment is integrated inside the PBR to increase light capturing ability in

the reactor, therefore, enhanced biomass and biodiesel productivity.

With respect to reactor design, bubble column PBR technology has selected due to its
better features of low-land area consumption, higher photosynthetic efficiency and sufficient
light dilution for avoiding photoinhibition. The BC-PBR technology has designed by
incorporating newly customized membrane-sparger that is cost-effective, scalable, and energy-

saving in comparison with known perforated tubing and conventional L-shaped spargers. In
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terms of volumetric CO2 mass transfer coefficient and cell-settling membrane-sparger was
proved superior to conventional L-sparger and perforated tubing. Also, a customized LED
lighting system and other process sensors were installed to generate simulated sunlight and to
monitor/control various process variables related to algae growth analysis. For availing higher
sunlight irradiation per algae cell, novel bubble-driven mixer has designed and successfully
integrated in BC-PBR to address mixing affected lower productivity. The mixer do not require
external electricity and extra aeration energy for exerting rotational force. It simply requires
an imbalanced bubble force that can be generated by a slight inclination of 15 - 20° to the
ground. The integration of mixer effectively enhanced the productivity of both biomass and

biodiesel.

From the process engineering perspective, rather than statistical optimization, the
combined effect of light intensity and CO2 concentration was considered in growth
experiments of FC2 under variable light intensities (ranges from 0 — 2000, typical range of
natural sunlight) and CO- levels. At 2% CO- level and 1130 pmol m? s? of light intensity,
growth of FC2 was maximum with steady-state dCO, concentration of 83 mg L, at which the
photosynthetic rates were sustained even in light limiting conditions. Hence, “maintenance of
100 mg L dCO: (equilibrium dCO, concentration at 2% CO, level without algae cells)
throughout the culture” has developed as desirable strategy in small-scale BC-PBR setup under
diurnal lighting conditions where light limitation is inevitable. As the dCO; based strategy
depends on dCO; probe position, a novel real time light intensity based CO> feed strategy was
proposed and implemented in medium-scale BC-PBR for FC2 growth under simulated and
natural sunlight conditions. The light-based CO> feed was proved highly productive than the

known biomass density and pH control based strategies. Compared to the known biomass
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density based and constant pH control based strategies, the light based CO, feed notably
produced 120% and 97% higher final biomass concentrations respectively (additional
information, appendices). Even in 2% constant CO, feed and dynamic pH control strategies,
maximum biomass concentration in light-based CO> feed strategy were observed to be 20%
and 15% lesser. When implemented under natural sunlight conditions, it has produced highest
cell-density 0f9.0 g L with 0.85 g L™ day™* of overall biomass productivity. This high biomass
density has not been observed in several reports related to microalage biomass production in
tubular (vertical, horizontal, annular, bubble column, and airlift) photobioreactors (additional
information, section 2, appendices). Also, the real time light intensity based CO. feed strategy
can be applicable to any photosynthetic microorganism that required to be grown in any

cultivation system.

In this study, the process development from CO; feed strategy to integration of mixer
in medium-scale BC-PBR has shown continuous improvement in biodiesel productivity (Fig.
A3 and A4, appendices). Similar to several reported microalage species., the biodiesel
production from Chlorella sp. FC2 1ITG has also shown that lipid induction is inversely
proportional to the biomass density at the start of induction-phase. It has shown enhanced
FAME content with N-stress coupled with increased specific light availability. Also, two-stage
lipid induction process is favourable for this species rather than single-stage process.
Therefore, the integration of bubble-driven mixer in addition to the developed light based CO>
feed strategy yielded final oleaginous biomass density of 7.5 g L™ with overall biomass
productivity of 1.07 g L day?, nearly 25% more than that of FC2 growth in BC-PBR without
mixer. It has also yielded total FAME content of 49% (of DCW), which is highest of all indoor

and outdoor experiments (Fig. A3, appendices). The final biodiesel production in the 10 L
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medium-scale BC-PBR equipped with membrane sparger and internal mixer was found 3.6 g
L when the real time CO,. The produced biodiesel was satisfying the required limits of salient
properties of typical biodiesel in accordance with ASTM and EU norms. At high biomass
densities, e.g., 8.6 or 9.0 g L, the lipid is not induced due light limitation. Hence, for quality
biodiesel production from microalgae, the selection of time point to start two-stage induction

process is crucial.

Other peculiarity of the study include the experimental strain’s features in the specified
experimental setup. Unlike most of the reported microalgae species, this species can grow in a
wide range of pH, i.e., 4.5 — 8.8, and, photosynthesis is saturated between a range of light
intensities, 700 — 1500 umol m? s, Also, the growth of FC2 at 2000 umol m? s exhibited
reversible photoinhbition, thereby offers minimum photo-damage in the noon times. Another
interesting charateristic of the strain was growth in dark cycles (night times) instead of biomass
losses. Therefore, all the above findings have favored the whole process development in the
view of commercial angle. The major acheivements of the study, i.e., reactor design and CO>
feed strategies can substantially contribute to future developments of algal biomass-biodiesel

process technology in photobioreactors.
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F uture P rospects

v The designed bubble column photobioreactor with mass transfer efficient membrane
sparger, real time light based CO> feed strategy and the novel bubble-driven mixer would
be applicable for mass culturing of any microalgal strain that suspends homogeneously in
liquid culture medium. For non-suspending microalgal strains, the proposed CO. feed
principle can be applied unless sufficient engineering of CO2 input method is

accomplished in the respective cultivation system.

v"In this study, sterilized synthetic growth medium was used by focusing mainly on reactor
design and CO; feed engineering. However, from the energetic point of view, the energy
balance analysis may be performed further to explore cost-effective and non-sterile

growth culture media for achieving positive net energy ratios.

v This kind of multiple BC- PBR setup with novel characteristics can be interconnected to
design a novel vertical tubular PBR of pilot-scale and even industrial-scale. When there
would not be any pumping effect due to external pumps (other microalgal strains), current
batch operational mode can be transformed into semi-batch or even continuous mode for
achieving better results, e.g., final experimental study in the fourth objective, where the
FC2 grown up to 4.4 g Lt within 3 days to achieve highest biomass productivity of 1.42

gLt day?™.

v The study proved biodiesel production and productivity can be increased by lowering the
initial biomass density at the starting time of lipid induction, suggesting that the algal

culture can be semi-continuously removed after three days and transferred in another
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similar BC-PBR setup to start lipid induction for achieving results faster than the usual.

v In some cases, other than the biodiesel production, e.g., bio- oil, the production and the
extraction cost decreases with the increase in biomass density. For this purpose, the
proposed real time sunlight intensity based CO. feed strategy was already proved to
generate 9 g L of final biomass titer within 10.5 days. This novel CO; feed strategy can
also be applied for any kind of outdoor photobioreactor (open/closed) and microalgal

strain.

v In mixer design, there is a lot of scope for further investigations of engineering the shape
of mixer and angle of mixer blades that can enhance specific light availability in the

current design of BC-PBR.

v Some designs of vertical tubular PBRs in industries can have diameters up to 100 mm. In
such cases, the installation of bubble-driven mixers are useful to achieve higher biomass

productivities
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Appendices

1. Calculation procedure of biodiesel properties

The standard FAME mix C4-C24 (Sigma Aldrich Chemicals, Bangalore) was analysed by GC
according to the method described in section 3.9.6. For evaluation of resulted FAME
composition in the produced biodiesel, the peak areas of known concentrations of individual
FAMEs from C4-C24 were taken as reference. Based on the resulted peak areas of run samples,
the unknown concentrations of individual FAMEs were calculated by extrapolating standard
peak areas and presented in the Tables 5.1, 6.3, and 7.2. In addition to that, Table Al (section
2, appendices) was constructed from the data analysis of GC. Consequently, the biodiesel
properties were calculated by using the Eq. 3.6 — 3.16 (refer chapter 3). An example of the

calculation procedure is given below.

For calculation of saponification value, the Eq. 3.6, SV = }[(560 X F;) /M;], was solved by
substituting percentage of individual FAME (Fi) and molecular weight of individual FAME

(Mi) of C12:0 — C20:0 FAMESs.
SV = Z[(560 X 0.57) /214] + -+ [(560 X 10.60)] / 268]+..+ [(560 X 0.00)] / 326]

SV = 191.71 mg KOH (g oil)™

For calculation of iodine value, the Eq. 3.7, IV = X[(254 X F; X D;) /M;], was solved by
substituting percentage of individual FAME (Fi), number of double bonds in individual FAME

(Di), and molecular weight of individual FAME (M) of C12:0 — C20:0 FAMEs.

XXV
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IV = Z[(254 X 0.57 X 0) /214] + - + [(254 x 10.60 x 1)] / 268]+.. + [(254 x 0.00

x 0)] / 326]
IV = 71.99 g 1, (100 g oil)*

For calculation of cetane number, the Eq. 3.8, CN = (46.3 +%) —(0.225 x 1IV), was

solved by substituting SV and IV obtained from the previous Eqg. 3.6 and 3.7.

CN—(463+ 5458) 0.225 x 71.99
- ~ 7 191.71 (0 99)

CN = 58.57

For calculation of degree of unsaturation, the Eq. 3.9, DU = MUFA + (2 X PUFA), was

solved by substituting of MUFA and PUFA.
DU = 33.03 + (2 x 20.04)
DU =73.11

For calculation of higher heating value, the Eq. 3.10, HHV = )[(F; X §;)/100, was solved

by substituting of Fiand §; = 46.19 — % _0.21 % D;.
M.

1

Firstly, §; was calculated for all the FAMEs, i.e., C12:0 — C20:0.

E.Q. Sc1z:0 =46.19 — == 0.21 %0

=37.81

_ _ 1794
Scao0 =46.19 — = —0.21 X0

=40.69

XXVi
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HHV = Z[(37.81 x 0.57) /100] + - + [(40.69 X 0.00)] / 100]

HHV = 38.36 MJ kg*

For calculation of kinematic viscosity, the Eq. 3.11, v = eZ[FixIn(v)l/100 "\yas solved by

substituting of Fi and In(v;) = —12.503 — 0.178 * D; + 2.496 X In(M,).
Firstly, In(v;) was calculated for all the FAMEs, i.e., C12:0 — C20:0.
E.g., In(v¢2.0) = [—12.503 — (0.1780 x 0) + 2.496 x In(214)]

=0.89

=1.94
Z[0.57><0.89] . [0x1.94]
v = e 100 7 100

v = 1.396 mm?s?

For calculation of density, the Eq. 3.12, p = X[(p; X F;)/100], was solved by substituting of

Fiand p; = 0.8463 + %9 +0.0118 X D;.
Firstly, p; was calculated for all the FAMEs, i.e., C12:0 — C20:0.
E.Q. Peizo = 0.8463 + % +0.0118 X 0
= 0.869
Peroo = 0.8463 + % +0.0118 X 0
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=0.861

~ Z 0.869x057 ~ 0861x0
P =200 100

p = 0.844gcm?

For calculation of flash point, the Eq. 3.13, FP = 23.362 X Y[(N; X F;)/100] + 4.854 X
2[(D; x F;)/100], was solved by substituting of Fi, Di, and N; (no. of carbon atoms in

respective FAME).
FP = {23.362 X Z[(u X 0.57)/100] + --- + [(20 x 0)/100]} + { 4.854

X Z[(o % 0.57)/100] + ---.+[(0 X 0)/100]}

FP =389.7°C

For calculation of cloud point, the Eq. 3.14, CP = (0.526 X F;16.0) — 4.992 was solved by

substituting Fcie:o.
CP = (0.526 x 13.18) — 4.992
CP=194°C

For calculation of pour point, the Eq. 3.15, PP = (0.571 X F46.0) — 12.24 was solved by

substituting Fcie:o.
PP =(0.571 x 13.18) — 12.24

PP = —472°C
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For calculation of cold filter plugging point, the Eq. 3.16, CFPP = (0.511 X F16.0) — 7.823

was solved by substituting Fcie:o.
CFPP = (0.511 x 13.18) — 7.823
CFPP = —1.09 °C.

2. Important tables

Table Al. Individual FAME composition of biodiesel sample (288 h) produced from FC2 biomass
cultured in small-scale BC-PBR under simulated diurnal sunlight.

Name M; Di Wi Fi
C12:.0 214 0 0.080 0.57
C13:.0 228 0 0.076 0.54
C14:.0 242 0 0.000 0.00
C15:3 250 3 0478 3.40
C15:2 252 2 0.180 1.28
Ci15:1 254 1 0.210 1.50
C15:0 256 0 0.000 0.00
C16:3 264 3 0.280 1.99
C16:2 266 2 0.280 1.99
C16:1 268 1 1.488 10.60
C16:0 270 0 1.850 13.18
C17:2 280 2 0370 2.64
Ci7:1 282 1 0.320 2.28
C17:.0 284 0 0.520 3.70
C18:2 trans 294 2 0.000 0.00
C18:2 cis 294 2 1.226 8.73
C18:1 trans 296 1 0.000 0.00
Ci8:1cis 296 1 2620 18.66
C18:.0 298 0 3.600 25.64
C18:3 292 3 0.000 0.00
C20:1 324 1 0.000 0.00
C20:0 326 0 0.000 0.00
Others 0.463 3.30
Total 14.041 100.00
SAT (% of TFC) 6.126 43.63
XXiX
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MUFA (% of
TFC) 4638  33.03

PUFA (% of TFC) 2.814 20.04

Table A2. Specifications of analytic instruments/equipment used in the study (refer chapter 3 for
detailed setup and procedures).

Equipment Company/Model/Specifications
Inverted microscope Nikon Eclipse Ti8-E, Nikon Corporation, Japan
DC regulated power supply Metravi Instruments Pvt. Ltd., India
Pulse width modulation adapter Mouser electronics, USA
Lux meter Sigma Instruments, India
Manual air/CO- flow meter CM flowmeters Pvt. Ltd., India
Automatic air/CO; flow meter Aalborg, USA
Process Control Unit OPTO22, USA
1/0 Units
-20 to +20 mA, analog input SNAP-AIMA-4
-10 to +10 VDC, analog input SNAP-AIV-4
+4 to +20 mA, analog output SNAP-AOA-23
0 to +10 VDC, analog output SNAP-AOV-25
dCO; probe assembly Coleparmer India Pvt. Ltd.
DO probe assembly Hoverlabs, India
Temperature probe assembly Coleparmer India Pvt. Ltd.
pH probe assembly Coultron electronics, India
Visible spectrophotometer Model 2306, Electronics India, India
CP-Sil 8 CB column for GC 30 x 0.25 mm I.D, 0.20-um film thickness, Agilent
technologies, USA
Gas chromatograph GC-FID, Varian, Netherlands
Flanged acrylic tubes Sunacrylam Pvt. Ltd., India
Cool white LED cobs 50 W, 6500 K colour temperature, Ebay.in
Conventional bioreactor Applikon Biotechnology B.V., Netherlands
Silicone tubing (for sparger) Himedia Laboratories, India.
XXX
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Table A3. Comparison of biomass production using various microalgal strains grown in bubble column/airlift/tubular photobioreactors
operated photoautotrophically under natural sunlight. For data of current study, refer chapters 6 and 7.

Strain name Type of photobioreactor & Biomass Biomass Maximum Temperature pH Reference

specifications titer (growth  productivity biomass control control

period) (g L"day") productivity
QL") (g L day™)

Chlorella sp. Bubble column (membrane 9.0 0.86 1.13 No No Current
FC2IITG sparging, without mixer), V- study

10L,H-2.75m

AR-0.08 VVM, PL-0.075 m
Chlorella sp. Bubble column (membrane 8.6 0.86 1.46 No No Current
FC2IITG sparging, novel mixer), study

V-10 L, H-2.75m

AR-0.08 VVM, PL-0.075 m
Chlorella sp. Bubble column (membrane 4.2 1.42 1.42 No No Current
FC2IITG sparging, novel mixer), (induction study

V-10 L, H-2.75 m - phase

AR-0.08 VVM, PL-0.075 m started)
Chlorella Bubble column, V-8 L, 2.62 0.37 ND No No (Guo et
vulgaris H-1.014 m al., 2015)

AR-0.4 VVM, PL-0.01 m
Chlorella Bubble column (sintered 4.6 0.91 ND No No (Singh et
pyrenoidosa disc sparger) V-1.25 L, H-1 al., 2019)
NCIM 2738 m AR-0.2 VVM,

PL-0.035m
Tetraselmis Annular column with perforated 1.7 0.48 ND Yes, Yes  (Zittelli et
suecica plastic tube, V-120 L, H-2 m, 27 °C 8.0 al., 2006)

0.23 VVM, PL-0.045 m
Haematococcus Horizontal tubular, airlift 7.0 0.41 0.55 Yes, Yes (Lopez et
pluvialis pumping, V-55 L, PL-0.03 m 20°C 8.0 al., 2006)
Haematococcus Bubble column, V-55 L, H-2 m 1.4 0.06 0.12 Yes, Yes (Lopez et
pluvialis AR-1 VVM, PL-0.20 m 20°C 8.0 al., 2006)
XXXi
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Chlorella sp. A photobioreactor (type is 1.1+0.1 0.154 ND NM NM (Zhou et
(FACHB-1748)  not mentioned), al., 2013)
V-70 L, H-1.85 m PL-0.22 m
Chlorella Plastic bag type bubble column 0.53 0.032 ND ND ND (Wang et
ellipsoidea (sparger-stainless steel al., 2014a)
sintered), V-200 L, H-1.6 m
AR-0.1 VVM, PL-0.48 m
Phaeodactylum  Bubble column, perforated pipe 4.00 0.38 NM Yes, Yes (Miron et
tricornutum sparger, V-60 L, H-2 m 22 °C 7.6 al., 2002)
UTEX 640 PL-0.19m
Phaeodactylum Draft-tube airlift, perforated 4.00 0.38 NM Yes, Yes (Miron et
tricornutum pipe sparger, V-60 L, H-2 m 22°C 7.6 al, 2002)
UTEX 640 PL-0.19m
Phaeodactylum  Split-cylinder airlift, perforated 4.00 0.38 NM Yes, Yes (Miron et
tricornutum pipe sparger, V-60 L, H-2 m 22 °C 7.6 al., 2002)
UTEX 640 PL-0.19m
Phaeodactylum  Bubble-column, V-200 L, H- 0.96 0.13 NM No No (Branco-
tricornutum 1.45 m, AR-0.25 VVM, Vieira et
PL-0.45m al., 2018)
Heterosigma Bubble column, V- 35 L, H-2 m, 1.46 0.25 NM No No (Fuentes-
akashiwo AR-0.1 VVM, PL-0.150 m. Grunewal
detal.,
2013)
Alexandrium Bubble column, V- 35 L, H-2 m, 1.20 0.35 NM No No (Fuentes-
minutum AR-0.1 VVM, PL-0.150 m. Grunewal
detal.,
2013)
Karlodinium Bubble column, V- 35 L, H-2 m, 1.06 0.22 NM No No (Fuentes-
veneficum AR-0.1 VVM, PL-0.150 m. Grunewal
detal.,
2013)

*ND — Not Defined, NM — Not Measured, V — Volume, AR — Aeration Rate, H — Height, and PL — Path Length.
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Table A4. Comparison of biodiesel (in terms of FAME or lipid) production from various microalgal strains grown in bubble

column/airlift/tubular photobioreactors operated photoautotrophically under natural sunlight.

Strain name Induction Total Overall FAME FAME Reference
strategy FAME (%0 productivity titer
of DCW) (mg L day™) QL
Chlorella sp. FC2 Single-stage 15.14 133 14 Present study
IITG, w/o internal mixer (refer chapter 6)
Chlorella sp. FC2 Two-stage, 34.9 110 3.3 Present study
IITG, w/o internal mixer N-starvation (refer chapter 6)
Chlorella sp. FC2 Two-stage, 15.91 133 14 Present study
IITG, internal mixer N-starvation (refer chapter 7)
Chlorella sp. FC2 Two-stage, 48.9 521 3.6 Present study
IITG, internal mixer* N-starvation (refer chapter 7)
Chlorella pyrenoidosa Two-stage, 30.0 142 1.4 (Singh et al., 2019)
N-starvation
Tetraselmis suecica Single-stage 31.0 150 0.53 (Zittelli et al., 2006)
Chlorella sp.(FACHB-1748) Single-stage 21.3 33.7 0.23 (Zhou et al., 2013)
Chlorella ellipsoidea Single-stage 7.4 2.45 0.039 (Wang et al., 2014a)
Phaeodactylum tricornutum Single-stage 9.08 6.23 0.087 (Branco-Vieira et al., 2018)
Heterosigma akashiwo Single-stage 23 56.1 0.25 (Fuentes-Grunewald et al.,
2013)
Alexandrium minutum Single-stage 22 80.7 0.25 (Fuentes-Grunewald et al.,
2013)
Karlodinium veneficum Single-stage 12 26.7 0.13 (Fuentes-Grunewald et al.,
2013)
*Lipid induction with lower biomass
XXXiii
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3. Important figures
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Fig. A1 Comparison of biomass titers and productivities of Chlorella sp. FC2 IITG grown in
medium-scale BC-PBR using various CO, feed strategies under diurnal simulated sunlight
(indoor). Refer chapter 6 for experiments.
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Fig. A2 Comparison of growth-phase biomass productivities of Chlorella sp. FC2 IITG grown in
medium-scale BC-PBR with (W) and without (W/0) integration of mixer using real time light
intensity based CO, feed strategy under diurnal simulated sunlight (indoor) and natural sunlight
(outdoor) conditions. Refer chapter 6 and 7 for detailed experiments.
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Fig. A3 Comparison of total FAME content (TFC) in biodiesel produced from Chlorella sp. FC2
IITG grown in medium-scale BC-PBR with (W) and without (W/0) integration of mixer using real
time light intensity based CO- feed strategy under diurnal simulated sunlight (indoor) and natural
sunlight (outdoor) conditions. Two-stage lipid induction strategy was used for the experiments.
Refer chapter 6 and 7 for detailed experiments.
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Fig. A4 Comparison of induction-phase FAME (biodiesel) productivities in medium-scale BC-
PBR with (W) and without (W/0) integration of mixer using real time light intensity based CO,
feed strategy under diurnal simulated sunlight (indoor) and natural sunlight (outdoor) conditions.
Two-stage lipid induction strategy was used for the experiments. Refer chapter 6 and 7 for detailed
experiments.
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