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Abstract: The exploitation of renewable energy sources for delivering carbon neutral solutions has become
challenging currently as conventional fuel sources are limited. Microalgae, in this context have recently
attracted considerable interest worldwide due to their extensive application potential as they are renewable,
sustainable and economic sources of biofuels, bioactive medical products and food ingredients. Algae have a
high potential for converting carbon dioxide from the atmosphere into biomass, and are also being used in the
development of biophotovoltaic platforms which are used to harvest solar energy for bioelectricity generation.
The most challenging and crucial issues in microalgae cultivation are enhancing microalgae growth rate and
product synthesis, dewatering algae culture for biomass production and treatment of biomass for lipid
extraction. One of the most important parameter in algae culturing is the type of bioreactor used, the carbon
dioxide availability and light intensity. In this study, two bioreactor configurations for Chlorella sp. cultivation
were used with variations in the light intensity. Mixing and aeration was provided to ensure uniform
distribution of nutrients, air, carbon dioxide and light penetration into the microalgal culture. Biomass
concentration in the stirred tank bioreactor was 13% higher than that in the bioreactor with rectangular
geometry after seven days of cultivation in the presence of carbon dioxide. Although the viscosity was found to
be higher in the rectangular tank, the chlorophyll content decreased by 45%. Further the chlorella suspensions
were used in a customized biophotovoltaic cell and evaluated for voltage generation.
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I. INTRODUCTION

The use of fossil fuels has been strongly related to critical problems currently affecting society, such as
global warming, global greenhouse effects and pollution. Green algae are eukaryotic microorganisms capable of
using sunlight as their energy source, water as their electron source and CO, as their carbon source to
photosynthesize and produce O and biomass. Algae biomass which is composed of carbohydrates, proteins and
lipids, offers a carbon neutral and renewable feedstock for producing a diverse portfolio of products including
biofuels, plastics, pharmaceuticals, animal feeds and fertilizers. Hence, these unicellular photosynthetic
microorganisms have received great attention for use in the large-scale production of biofuels. In particular
hydrocarbon feedstock production from algal lipids holds significant advantages as algae potentially have 100 to
300 times larger oil production rate than conventional agricultural crops such as canola and soy bean (Huda et
al., 2017).

Depending on strain and cultivation conditions, algae can produce hydrocarbons ranging from 20 to
50% of their dry biomass weight. Cultivation of algae does not require arable land and does not displace natural
CO; sinks, and algae can use marginal water resources such as salt water, waste water and brackish water that
are unsuitable for drinking or irrigation, thereby they do not compete with freshwater resources. Traditionally
algae have been cultivated as suspended cells in open raceway ponds and tubular closed photo bioreactor
systems. Light intensity is one of the major limiting factors in microalgal cultivation. Light duration and
intensity directly affect photosynthesis of microalgae and has influence on the biochemical composition of
microalgae and biomass yield (Krzeminska et al., 2014; Huesemann et al., 2013). In modelling the outdoor or
indoor algal culture system, growth rate and biomass productivity are predicted as a function of light. Light
intensities vary inside the culture and reduce in culture depth which should be taken into consideration for
modelling of the bioreactor or open pond system (Ye et al., 2012). Algae species vary in terms of their
requirements for maximum growth and biomass accumulation. Thus, optimal light intensity needs to be
determined experimentally in each case to maximize CO, assimilation with a minimum rate of photorespiration
and as little photo inhibition as possible. A specific duration of light/dark periods is required for algal
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photosynthesis. Mixing and aeration provide uniform distribution of nutrients, air and CO; in microalgae
culture. They also enable the penetration and uniform distribution of light inside the culture and prevent the
biomass from settling and causing aggregation (Show et al., 2017; Zeng et al., 2011). If all other requirements
are met but there is no mixing, biomass productivity will be lowered significantly. Thus, microalgae cultures
must be continuously mixed to keep all cells in suspension with free access to light. A proper mixing system in
a photo- bioreactor not only enables nutrient dissolution and light penetration into the culture but also provides
for efficient gaseous exchange.

Open ponds are widely used industrially due its relatively cheaper construction, maintenance and
operational cost. Other advantages of open pond systems include simplistic operation and maintenance, low
energy demand, and ease to scale up (White and Ryan, 2015). However, despite the large cultivation area,
cultivation of microalgae from natural water has relatively lower cell concentration and thus a highly efficient
harvesting method is required. Open raceway ponds are inexpensive to build and operate but suffer from small
biomass concentration (usually less than 0.5 kg dry cell mass per cubic meter of liquid, (Harmon et al., 2021).
Photo bioreactors are systems used to culture phototrophs such as microalgae in an enclosed system which does
not allow direct exchange of material between the culture and environment. Photo bioreactors overcome several
constraints faced commonly by open pond culture design like compact size when compared to open pond,
therefore providing more efficient land usage (Gupta et al., 2015). They also provide a closed and highly
controlled growth condition for the culture, thus able to produce a contamination free, single strain
microorganism culture. Closed tubular photo bioreactor systems can cultivate the microorganisms up to 5 kg dry
cell/m? but they are very expensive to build, operate and maintain (Torzillo and Zittelli, 2015). The operational
costs for these systems mainly comes from large power requirements for continuously mixing and pumping
large volumes of relatively dilute algae slurries and additionally, in the case of closed systems, from air
sparging, which is necessary to remove the oxygen build up in the closed tubes to prevent photo-oxidative
damage to algae. However, the bottleneck of practical usage of photo bioreactor is its limited scalability due to
various design flaws, rendering it uneconomical to be used in large-scale production (Rinanti et al., 2013).
Harvesting of microalgae is one of the main parts in microalgae processing. Several studies have suggested that
it makes up 20-30% of the total production cost due to high energy demand and capital cost (Uduman et al.,
2010). In general, all harvesting techniques aim to remove as much culture media from the microalgae biomass
to facilitate next downstream processing such as extraction of bioactive compounds. Numerous harvesting
methods have been used to collect biomass, including filtration, centrifugation, flocculation, and flotation (Ana
et al., 2015). For some circumstances, a combination of two or more techniques are employed to further increase
harvesting efficiency (Singh and Patidar, 2018). However, one disadvantage of using microalgae is the high
economic cost due to the low-yields of lipid content in the microalgae biomass. Thus, development of different
methods to enhance microalgae biomass, as well as lipid content in the microalgae cells, would lead to the
development of a sustainable low-cost process to produce biofuels. Many studies have reported different
methods and strategies to induce lipid production to obtain higher lipid accumulation in the biomass of
microalgae cells; however, there is not a comprehensive review in the literature that highlights, compares and
discusses these strategies. The heterotrophic growth of Chlorella protpthecoides and its ability to produce lipid
content of 55% and biodiesel was reported by (Miao and Qingyu, 2006). The effect of CO; concentration on
lipid productivity can be seen from earlier research which reported that at 50 ml/min CO; flowrate, the lipid
productivity after 17 days of nutrient deficiency reached more than 50% which is highest value when compared
to lipid content using a lower CO; flowrate (Widjaja et al., 2008).

One of the ways to work around the shortcomings of usage of microalgae in the industry is by
increasing the growth rate to compensate for their low cell density and difficulties in harvesting. Numerous
equipment and technologies have been improved across the years to ramp up the production of microalgae.
Although microalgae can be cultured in a highly controlled laboratory condition, it is still harder to ensure the
high productivity of microalgae in large-scale production. An ideal microalgae culturing system should possess
the characteristics including adequate light source, effective transfer of materials across liquid-gas barrier,
simple operation procedure, minimal contamination rate, cheap overall building and production cost, and high
land efficiency. The type of bioreactor used, the carbon dioxide availability and light intensity are the most
important parameters in algae culturing. In the present work, two bioreactor configurations for Chlorella sp.
cultivation were used with variations in the light intensity. Mixing and aeration was provided to ensure uniform
distribution of nutrients, air, carbon dioxide and light penetration into the microalgal culture. Further
photosynthetic Chlorella enhanced bio photovoltaic cell was investigated for the treatment of dairy waste water
to produce biomass for extracting lipids and electricity generation. The aim of this study was to investigate the
efficiency of biomass production in different reactor systems, lipid production and renewable sustainable
bioelectricity generation
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Il. EXPERIMENTAL PROCEDURE

2.1 Medium and cultivation of microalagae

Chlorella algal strain was identified for the present study. The medium used for the maintenance of
inoculum and cultivation of Chlorella sp. was NPK medium containing (% by mass): Nitrogen-20%, Nitric
nitrogen-5.2%, Ammonia-3.5%, Ureic nitrogen-11.3%, Phosphorus pentoxide-20%, Potassium oxide-20%,
Magnesium oxide-0.5%, Sulphur trioxide- 1%, Iron-0.02%, Manganese-0.01%, Zinc-0.01%, Boron-0.01%,
Copper-0.01% and Molybdenum-0.001%. The pH was maintained at 7.5. The Bold Basal medium used had the
composition as reported by (Juhari, et al., 2020)

2.2 Reactor experiments

Algal cultivation was carried out in a laboratory scale stirred tank reactor having a working volume of
2.5 I. Air flow rate was maintained using a dust and oil free compressor. Aeration was achieved by means of a
ring sparger. Aeration rate was maintained at 1 Ipm. A centrally mounted shaft with impellers was used for
agitation. The pH and temperature of the culture medium were monitored by using probes. The initial pH of the
culture medium was 7.5 and was left uncontrolled throughout the cultivation. A photoperiod of 14 h light/10 h
dark cycles was maintained for each experimental run. Samples were collected at regular intervals of time and
used for biomass measurements.

2.3 Biophotovoltaic cell construction and operationPurification of Derivatives

The bio photovoltaic cell contained two chambers, an anode and a cathode, each of 2 | capacity with, 18 cm
length and 14 cm width (Figure 1). The pH was adjusted to around 7 using 1 N NaOH and 1 N HCI,
respectively.

Fig. 1. Biophotovoltaic cell

Both the electrodes were made up of graphite and separated by a proton exchange membrane. A digital
multimeter was connected to the system for continuous measurement of voltage. In bio photovoltaic cell under
study, two sets of anolytes namely, algal strains in NPK media and algal strains in dairy industry wastewater
were examined separately. Potassium ferricyanide. was used as the catholyte solution. The experiment was
conducted under controlled conditions of 27 + 1°C temperature, 3600 Im light intensity and constant aeration to
support microalgal growth and photosynthesis.

2.4 Biomass estimation

Chlorella sp. were cultivated in 250 ml Erlenmeyer flasks with 100 ml working volume. Cultures were
maintained at 27°C and 100 rpm. lllumination was provided by white fluorescent light (3600 Im). For a seven-
day culture continuous illumination was provided for 24 h. The culture was incubated till the stationary phase of
the growth cycle was reached. Samples were collected at regular intervals and the dry weight of the biomass was
estimated. Samples were collected aseptically. For chlorella sp., the samples were centrifuged and dried. All the
experiments were carried out in triplicates.

In a photobioreactor, pH of the medium is an important factor that significantly affects the growth of
the algae. Hence, to determine the effect of initial medium pH on the growth of the algae, the pH was varied in
the range 6.5-8. The pH was adjusted using 0.IN NaOH or 0.1N HCI using a pH meter. Samples were
aseptically collected at 24 h intervals and the dry weight of the biomass was estimated. Light intensity plays a
significant role in the culture of photosynthetic organisms. Hence the effect of this parameter on the biomass
yield of chlorella sp. was studied by growing the strain under three different light intensities of incandescent
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light (1340 Im), LED light (990 Im and 3600 Im). To investigate the effect of aeration rates on the biomass yield
of chlorella sp., air was supplied to the reactor at varying aeration rates of 1, 2, 3 and 4.0 Ipm.

2.5 Cellulase Activity

Enzyme assay tubes were prepared by placing rolled filter paper strips in each of tubes. 1 ml of 0.05M
citrate buffer was added with pH adjusted to 4.8, until the filter paper was saturated by the buffer. The tubes
were equilibrated at a temperature of 30°C. 0.5 ml diluted enzyme was added to citrate buffer. At least two set
of enzyme dilutions that released 2 mg of glucose approximately were made. 1.5 ml citrate buffer was used as
the reagent blank. Enzyme control was prepared by adding 1 ml citrate buffer and 0.5 ml enzyme dilution.
Substrate control was prepared by 1.5 ml citrate buffer and rolled filter paper strip of (1 x 6 cm) 50 mg
Whatman No.1 filter paper (Ghose,1987). Glucose standard tubes were prepared by adding 0.5 ml of glucose
dilutions and 1 ml of buffer to test tubes. The blanks, controls and glucose standard tubes were incubated at
50°C for 60 minutes. At the end of last 60 minutes DNS reagent was added to the test tubes to stop the activity.
All the tubes were boiled for exactly 5 minutes in water bath. All the samples, controls, blanks and standard
tubes were boiled together. After this the tubes were transferred to ice water bath. The colour was determined
by measuring the absorbance against reagent blank at 540 nm (Miller, 1959).

I11. RESULTS AND DISCUSSIONS

3.1. Reactor Cultivations

The culture was grown in a photo bioreactor of capacity 3Lwith continuous aeration of 1 Ipm. Chlorella
sp., was grown in NPK and Bold Basal’s media for a cultivation period of 7 days. Samples were taken each day
and absorbance value was noted using UV-Visible spectrophotometer at a wavelength of 685nm. The study
showed that on comparing NPK and BBM media there was not much difference in the absorbance value. NPK
shows a slightly better result than BBM for the seven-day culture. On the first day the absorbance value was
around 0.03 and it reached a peak at 7! day with an absorbance value of 0.32. NPK media was selected because
of its lower cost and easy availability as compared with BBM which required a tedious formulation and time.
Figure 2 depicts the variation of absorbance in the two different media.

= NPK
+— BBM

Abs

Fig. 2. Absorbance values in different media

3.2 Effect of Luminous intensity

Light is an important factor that influence the growth of algal species. The photosynthesis of algaeis
influenced by light intensity, which in turn impacts their growth rate. To create ATP and NADPH and other
crucial chemicals for growth, microalgae need light (Pisciotta et al., 2011). The growth rate of microalgae is
generally increased by increasing light intensity up to a certain point, which dependson the particular microalgae
species. High light levels that reach the saturation point, however, might cause photo-inhibition. On the other
hand, microalgae development will be constrained if light intensity is below the saturation point. It is well
established that growing under stressful conditions, such as extremely high or low light intensities, results in a
reduction in growth rate and biomass production (Laura and Paolo, 2014). The luminous intensity type depends
on the area of cultivation. Different light intensities were used in the study to find the most efficient light source
(Table 1). It was found that while using an incandescent bulb the heat generated due to the burning of filamentwas
high and such high temperature was undesirable for the algal growth and the rate of evaporation was also
observed high in this case. Whereas, on using LED bulb of high voltage thealgal growth showed better results
with lesser evaporation rate.
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Tablel Variation of Luminous intensity

Bulb Type Power (Im) Algal Growth Profile
Incandescent 1340 Low

LED 990 Medium

LED 3600 High

3.3 Effect of pH

The pH of those culture provided with CO, showed lower value than those that is cultivated in the
absence of CO; (figure 3). This is due to the formation of acids. To establish reproducibility, the trials were
conducted three times. The downward slope observed in 3 and 4™ day may probably due to the highrate of
photosynthesis that take place in 3" and 4" day.

Fig. 3. Effect of CO2 on pH
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During photosynthesis, water got photolysed and as result a pair of electron and protons were released.
These protons may be the reason for the lowering of peak. At the end the peak showed a decline in the absence
of CO2, which may be due to the depletion of nutrient media and thereby formation of an acidic environment.
From this study, the optimum pH range for chlorella sp. was between 6.5 and 7.5 (Wang et al., 2010). The
variation of pH in stirred and unstirred reactors is shown in figure 4.

—=— Unstirred Reactor|
. —o— Stirred Reactor
.

.

pH
.

Days

Fig. 4. Effect of mixing on pH

3.4 Effect of CO2 on Biomass

Algal biomass is thought to be a suitable substrate for the production of biofuels. Biofuels come in a
variety of forms, such as biodiesel, bioethanol, biohydrogen, and biomethane (Khan et al., 2018). Therefore,
study on biomass variation is significant. Algal biomass was estimated for each day. Three samples of 1.5ml were
taken in eppendorf tubes and  centrifuged for 10 minutes. Biomass productivity increased in presence of CO2
than when cultivated inabsence of CO2. The biomass reached a maximum on the 3™ and 4™ day of the seven-
day culture after which the production of biomass declined. The peak value obtained in the 3™ and 4" day was
due to the higher rate of photosynthesis during that period, however the decline in biomass was probably due to
the depletion of the nutrient medium. A maximum of 0.08g/l biomass was obtained in this study (Figure 5).
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Fig. 5. Effect of CO2 on biomass

3.4 Effect of mixing on Biomass

Study on stirred reactor and an unstirred reactor was conducted. The media and the growth conditions
provided in both reactors were the same. In case of stirred reactor, 8 h continuous stirring was provided at 100
rpm. Samples from both the reactors was collected each day of a 7-day culture. Algal biomass obtained from
both reactors was quantified each day after drying. The results show that stirred reactor performs better
compared to unstirred reactor. In case of stirred reactor, the impellers were rotated at a defined rpm, which leads
to complete mixing of the nutrients, equal distribution of the available nutrients in the media and effective
utilization of nutrients by the algal cells. The biomass concentration therefore was seen to be 13% higher
compared to the unstirred reactor (Figure 6). It can be concluded that stirred reactor culture to be suitable for
lipid extraction as high amount of biomass can be obtained within seven days of culture.
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Fig. 6. Effect of mixing on biomass production

3.4 Effect of growth conditions on voltage generation

A biophotovoltaic cell with proton exchange membrane was fabricated and assembled. Graphite
electrodes were used in the study. In anodic chamber algal solution was taken and in cathodic chamber
potassium ferricyanide was used. Algae can be grown both in autotropic and heterotrophic modes of growth
conditions. For autotrophic mode of cultivation NPK media was used in the study and for heterotrophic
condition waste water from dairy industry was taken. mV.

Fig.7. Bioelectricity generation in different conditions
The heterotrophic growth condition of algae showed better bioelectricity generation over a period of 300
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minutes. A peak voltage of 180 mV was observed in heterotrophic condition and later it dropped down to
nearly 120 mV. In autotrophic condition the peak voltage obtained was 140 mV and decreased to 80

3.5 Effect of membrane on open circuit voltage
The protons generated during the photosynthesis of algae in biophotovoltaic cell can be transported to the
cathodic side using proton selective membranes. The most commonly used membranes are Nafion 117
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membrane, and proton exchange membrane. The anodic chamber of the biophotovoltaic cell was filled with
algal solution and the cathodic chamber filled with potassiumferricyanide

=DM
140 4 +— PEM|

LY
. .,

Fig. 8. Effect of membrane on bioelectricity generation

Dialysis membrane (DM) and proton exchange membrane (PEM) were used for the study, in which PEM was
better and gave a peak voltage of 130 mV, where as inthe case of dialysis membrane a peak voltage of 100 mV
was observed. Also this dropped drown to nearly 30 mV whereas in the case of PEM it was dropped down to
120 mV.

3.6 Effect of cathodic solutions on open circuit voltage biophotovoltaic cell using salt bridge and proton
exchange membrane

In biophotovoltaic cell one of the main influencing factor for bioelectricity generation is the cathodic solution. It
plays a vital role in acting as the electron acceptor. The cathodic solution acts as chemical oxidizers in order to
provide an oxygen rich environment in cathode. Potassium ferricyanide and potassium permanganate were the
two cathodic solutions of same molarity(1molar) was used here, in which potassium permanganate showed much
higher voltage generationthan potassium ferricyanide. The
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¢ KMnO,

0] Yt e,

T T T T
0 50 100 150 200 250 300
Time(mins)

Fig. 9. Effect of cathodic solution in
Biophotovoltaic cell using salt bridge

peak voltage obtained in the case of potassium permanganate was 410mV where as it was only140mV in the
case of potassium ferricyanide (Figure 9).
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Fig.10 Effect of cathodic solution in
Biophotovoltaic cell using PEM
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The peak voltage obtained in the case of potassium permanganate when using proton exchange membrane was
430 mVwhereas it was only130 mV in the case of potassium ferricyanide.

3.7 Lipid Extraction
Cellulase was used for the lipid extraction. Table 2 shows the values of enzyme assisted lipid extraction at
varying pH.

Table 2 Enzyme assisted Lipid extraction

Lipid Productivity (%) Time (min)  Temperature (0C) pH
35 90 60 3.8
325 90 60 4.8
25 90 60 5.8

From the table it is clear that the lipid productivity using cellulose was higher compared to solvent
based extraction. A 16.35% of increase in lipid productivity was seen compared to solvent based extraction.
Among the varied pH values, maximum lipid yield was obtained at 3.8 pH, 60°C and pretreatment time of 90
minutes for an enzyme dosage of 0.5mg/ml.

IV. CONCLUSION

The algal samples were cultured in two different nutrient media and two different reactors. In order to
optimize the biomass productivity for a seven-day culture the factors considered were pH, luminous intensity
and agitation. From the study, it was found that NPK media was more appropriate for chlorella sp. compared to
BBM. The study conducted in two different reactors gave a conclusion that stirred reactor provided a better
biomass productivity on an average of 90 mg/l. A better biomass productivity in stirred reactor was obtained
when pH was maintained between 6.5-7.5, a luminous intensity of 3600 Im and with constant agitation (100
rpm). Hence this setup was considered ideal for lipid production and bioelectricity generation within a short
period of time. Biophotovoltaic cell (salt bridge) and Biophotovoltaic cell (proton exchange membrane) were
successfully constructed and yielded an open circuit voltage of 410 mV and 430 mV respectively. Chemical and
enzymatic lipid extraction was carried out on the Chlorella sp. biomass obtained from the stirred reactor.
Comparative study on extraction showed better results in the case of enzyme assisted extraction, at a pH 3.8. A
maximum lipid production of 35% while keeping other variables constant was obtained. Further optimization
has to be done to find the influencing factors for lipid production and bioelectricity generation. Algal based
biophotovoltaic cell was developed in laboratory scale with good performance, however it still cannot be used in
industrial applications due to several limited factors.
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