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Today's era is in need of more potential energy source due to continuous depletion of conventional energy. Over
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increasing population and so of demand for fuel has become major concern. In such scenario biofuel from algal
biomass looks better way out to overcome the energy crisis. Thus, algal bio prospect and mass cultivation has captured most of the focuses
Jfor researchers. The only mean for maximum production of algae is photobioreactor. Here, challenge is scalable design and development
of optimal photobioreactor. This paper gives overview of various design considerations such as geometric, operating and hydrodynamic pa-
rameters. Also, material for construction is overviewed and a selection criterion is concluded. An attempt is made to understand the effect of
performance parameters on biomass productivity in developed photobioreactors. Thus, few modified designs are considered such as periodi-
cally shaded Tubular Photobioreactor, Modular Flat Panel Photobioreactor, Annular Photobioreactor, Bubble Column Photobioreactor and
Vertical Tubular Photobioreactor. Selected microalgae species, construction, design and parameters studied are discussed.

1. Introduction

Power generation is necessary element of today’s society. How-
ever, society is no longer as accepting of the methods used to
generate the energy we crave. The older methods are becom-
ing too expensive and due to energy crises it has become one of
the global problems confronting the world. Presently, fossil fuel
is considered to be a major source of energy. Fossil fuel accom-
plishes 80% of world’s energy needs; whatever in the industrial
production sector, domestic uses or in the transportation sec-
tor [1].This rapidly increasing consumption raises two concerns.
First, all fossil fuels are, nonrenewable and this means that there
is a limited supply and that this supply will become harder to
reach and therefore increase in price as the end draws nearer.
The other concern is that when fossil fuels are burned, CO2 is
released which a greenhouse gas is. It retains heat that has been
stored for millions of years and will add to total carbon in the
atmosphere in its current state [2]. Because of ever increasing
demand of fossil fuels at one end as well as its limited availabili-
ty and non-renewable reservoir at the other it is obvious that we
need an alternative source of energy [3].

1.1 Biomass

The biomass is measured as an alternative source of energy. The
Biomass Energy Center in the United Kingdom describes bio-
mass as the “biological material derived from living, or recently
living organisms, generally used when talking about plant mate-
rial [4]. Biomass is carbon based, but does contain organic com-
pounds and elements like oxygen and nitrogen as well as some
other heavy metals. Biomass is considered a carbon neutral fuel
because when plant material is burned it releases CO2 back into
the atmosphere. This CO2 is then used by plants for growth. This
is called carbon cycle. When biomass is burned and new plant
material is planted and allowed to grow the total carbon in the
atmosphere is relativelv unchanged.
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Table 1: Typical sources of biomass for energy production
[5]

Biomass comes in many forms, from waste material to crops
grown specifically for energy. Many of the biomass fuels used
today come in the form of wood products, dried vegetation,
crop residues, and aquatic plants. Biomass has become one of
the most commonly used renewable sources of energy in the
last two decades, second only to hydropower in the generation
of electricity. It is such a widely utilized source of energy, prob-
ably due to its low cost and indigenous nature, that it accounts
for almost 15% of the world’s total energy supply and as much
as 35% in developing countries, mostly for cooking and heating.

However, biomass from crops creates a problem of supply. This
issue affects the evaluation of biomass as a viable solution to
our energy problem. Quick access to large quantities of plant
biomass can be difficult as only a specific amount is grown or
collected. Once this has been used more must be grown, and
for traditional forms of biomass this could take a full season. It
is therefore vital that a new source be found that can be grown
quickly and in large amounts. That source is believed to be al-
gae; however the process of growing algae still has not been per-
fected on industrial scale[5].

1.2 Biofuels

Biofuel is one of the alternatives derived from organic matter.
Biofuels are classified depending on the source of biomass. Bio-
fuels has broadly four classifications namely natural biofuel, first
generation biofuel, second generation and third generation [6].
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Previously, algae were lumped in withsecond generation biofu-
el. Many researchers suggested algae to be moved to their own
categories due to high potential to produce biofuel compare
to other feedstockin terms of quantity or diversity. Fuels that
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can be derived from algae include Biodiesel, Butanol, Gasoline,
Methane, Ethanol, Vegetable oil, Jet fuel. Diversity is not the
only thing that algae has going for it in terms of fuel potential.
It is also capable of producing outstanding yields. Microalgae
compare to all other biomass contains up to 70% oil by wt in bi-
omass, can yield 136,900 L oil/ha year and 121,104 kg biodiesel/
ha year can be produced[11].

1.3 Algae potential for biofuel production

Algae are a broad term that represents a vast grouping of or-
ganisms that can range in size from microscopic to enormous-
seaweeds. Nearly all algae contain chlorophyll o and B —carotene
for photosynthesis. Photosynthesis is an important biochemical
process in which algae like plant converts the light energy into
chemical energy. Algae capture light energy through photosyn-
thesis and convert inorganic substances into simple sugars using
the captured energy. Thus, these types of algae have been taken
in consideration as a residual biomass ready to be used for en-
ergy purposes [9]. Algae based biofuel research was first exagger-
ated in 1970’s with the energy crises, along with other plans for
renewable energy [10].

Microalgae are currently considered the most potential types of
algae for biofuel production, based on their high lipid contents.
The term lipid is defined as a biological component of and de-
rived from organisms. Lipid contains hydrocarbon group in its
structure. Also store high reducing power and energy [13]. Algal
lipid mainly consists of fatty acid, Polyketide, Glyceride, Terpe-
noid, Steroids, Carotenoid composed of carbon, hydrogen and
oxygen [13]. Triglycerides is one of the neutral lipid bearing a
common structure of triple esters where usually three long chain
fatty acids are coupled to a glycerol molecule generally serve as
energy storage in microalgae that, once extracted, can be eas-
ily converted into biodiesel through transesterification reactions
[12,15].

The benefits of algal biofuel production being less land-intensive
with high biomass production rate per unit area (aquatic micro-
organisms have the ability to double there mass in less than 24
hours by efficient utilization of co2 in presence of light for bio-
fuel production [14], having high CO2 fixation ability compared
to terrestrial plants [13], no diversion of food from the human
food chain, easier depolymerisation as they counting less com-
plex cell wall metrics, ability to be grown in salt water or using
municipal and industrial waste or even in the open ocean, hav-
ing much faster growth rates than other crops, and finally hav-
ing higher percentage of the biomass produced as oil [7]. Large
scale cultivation of microalgae may be 10-20 times more produc-
tive on a per hectare basis than other biofuel crops, are able to
use a wide variety of water resources, and have a strong poten-
tial to produce biofuels without the competition for food pro-
duction[7,11,].Moreover other valuable compounds may also be
extracted from diversified microalgae species such as polyunsat-
urated fatty acids, natural dyes, polysaccharides, pigments, anti-
oxidants, high value bioactive compounds, and proteins [16,17,
and 18].

Microalgae cultivation very much depends on the growth tech-
niques or metabolism and is capable of metabolic shift as re-
sponse to changes in environmental conditions.Heterotrophic
growth technique is not as effective as photosynthetic growth
mechanisms because the carbon source used to feed the algae
was ultimately derived from another plant by photosynthesis,
[19] in addition, the carbon source may compete with sources
for human consumption. Henceforth, the generic term “algae” is
used to be described as photosynthetic microalgae and the term
‘photobioreactor’ is defined as a system that uses light to grow
algae via only the photosynthetic mode of cultivation.
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At present, extensive utilization of this resource faces a grand chal-
lenge, namely how to acquire a large quantity of microalgae bio-
mass to meet the energy demand on commercial scale [12].

2. Photobioreactor

To acquire the huge algal biomass, cultivation of algae is the ma-
jor concern. Cultivation of algae can be done in open systems
(ponds, lakes, lagoons) and closed system [15]. Open systems
are easier in construction and operation over the closed systems,
resulting in low production cost and low operating costs [20].
However, major limitations in open pond include growth de-
pendency on location and season, poor light utilization by cells,
evaporative losses, CO2 diffusion to atmosphere, requirement
of large areas of land, poor mass transfer rate due to inefficient
stirring mechanism, contamination by predators and other fast
growing heterotrophs, uncontrolled growth environment such
temperature, pH level, controlled nutrient supply, CO2 sup-
ply to overcome the losses due to diffusion [21].0pen system
drawbacks results in low biomass productivity. To overcome the
problems associated with an open system, researchers have tried
for closed systems [15].

Closed system commonly called as photobioreactor, is closed
equipment which provides a controlled environment and ena-
bles high productivity of algae. As it is a closed system, all
growth requirements of algae are introduced into the system
and controlled according to the growth requirements. Photobio-
reactors facilitate better control of culture environment such as
CO2 supply, watersupply, optimal temperature, efficient expo-
sure to light, culture density, pH levels, gas supply rate, mixing
regime, culture density, etc.

2.1 Types of Photobioreactor

Due to the different physiological demands of the cells for
growth and product yield, the value of the product and its field
of application, various types of PBR’s have been designed and
developed for algae production. However a few standard designs
which lay the foundation for further improvisations can be cat-
egorized as flat plate reactors, annular reactors and tubular re-
actors as shown in the fig. 1[22].
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Figl: Common Closed Photebioreactor Designs

2.2, Photobioreactor Operating Principles

Photosynthetic organisms, including microalgae, use light
through photosynthesis as their energy source. Therefore, closed
PBRs are typically constructed of materials that light can pen-
etrate sufficiently for photosynthesis. Initially there is water in-
side a photobioreactor. Air with CO2 enters into the system as
bubbles through spargers and circulates with water. With the
presence of sufficient light; photosynthesis occurs which re-
sults in algal growth inside the photobioreactor. Air is bubbled
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through the bottom of the PBR to provide good overall mixing
in order to produce the uniform dispersion of microalgae within
the culture medium, for better light penetration, sufficient sup-
ply of CO2, and efficient removal of 02. The photosynthesis low-
ers the CO2 content of the air being injected into the PBR and
increases the concentration of oxygen (02) which comes out
of the system through an outlet. Different sensors are provided
such as oxygen sensors, pH sensors, temperature and optical
sensors. In order to sustain the growth of algae, some nutrients
are injected into the reactor [23].When algae reach its maximum
growth, it is considered to be ready for harvesting. Grown algae
are passes through the connected filtering system. This filter col-
lects the algae that are ready for processing, while the remaining
algae passes back to the feeding vessel. After harvesting water
with nutrients can be added to mixing unit. Agitation system is
also incorporated which prevents microalgae from sticking to
the walls of the vessels and diminishing the amount of available
light. Fig.2 shows the schematic representation of a photobiore-
actor.

[(F11T]

Figl: Schomutic of I"betsbmmaniasr

3. Materials used in Photobioreactor design

The selection of material used in photobioreactor design is an
important aspect to ensure cost effectiveness and high effi-
ciency. The materials used for PBR’s construction include glass,
Plexiglas, acrylic, polyvinyl chloride, polypropelene, polystyrene,
polyethylene terephthalate, polyurethane etc. Selected mate-
rial should possess the characteristics such as high transpar-
ency, high flexibility & durability, Non -toxicity, high resistance
to chemicals and metabolites produced by the microorganisms,
low cost, high stability and long lasting property.
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Choice of favorable material for PBR design is a critical task as it
is difficult to select the best material that satisfies all the crite-
ria of an efficient PBR design. From the table no, it is concluded
that LDPE is the preferred material of choice due to its efficient
features. However, it has low lifespan compared to glass and
acrylic. It is also found that PMMA has more advantages and re-
tain transparency over months when exposed to natural climatic
conditions but for bioreactor construction still PVC remains as
an alternate when chemical resistance is of more concern than
transparency [24, 25].

3. Performance Parameters of closed PBR

Many PBR’s are designed and developed, but comparative evalu-
ation is hardly possible. The problem in comparing different
designs of PBR’s is the use of different measures depending on
the purpose of the reactor and depending on the research dis-
cipline. Evaluation parameters are divided into three which are
geometric parameters, hydrodynamic parameters and operating
parameters [22]. Table (5) gives the geometric parameters, defi-
nition and importance in the design of PBR and table (6) gives
information about the important geometric design factors and
their acceptable limits.

3.1 Geometric Parameters
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Table 6: Geometric Design Factors[22], [29], [30]

3.2 Operating Parameters

3.2.1 Light

Light requirement is the most important parameter in order to
enhance microalgal growth in PBR’s. Light condition affects di-
rectly the growth and photosynthesis of microalgae.Light should
indeed be provided at the appropriate intensity, duration and
wavelength. Excessive intensity may lead to photo-oxidation and
inhibition whereas low levels will become growth limiting [31].
The wavelength of the light used to cultivate algae is also a de-
sign factor because the different cultures grow differently when
exposed to different colours of light. The algal culture systems
can be illuminated by artificial light or solar light or both. In
outdoor cultivation, ultimate source of light is sun, which can-
not be controlled. Indoor cultivation can be achieved success-
fully using artificial illumination. To successfully use artificial
light for photosynthesis, photons with wavelengths between 600-
700nm must be generated.

Duration that is light and dark cycles strongly influence the
growth of algae. Microalgae needs light for photochemical phase
to produce (ATP) adenosine tri phosphate and also needs dark
for the biochemical phase. During this phase, essential mol-
ecules are synthesized which are necessary for growth [32].
The selection criteria of artificial light sources for cultivation of
photosynthetic microalgae include high electrical efficiency, low
heat dissipation, good reliability, high durability, long life time,
reasonable compactness, low cost and spectral output falling
within the absorption spectrum of the microorganism of inter-
est.

Table no (7) discusses the main characteristics of different types
of light and their relative luminous efficiencies [33].
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3.2.2 Temperature

Maximum algal growth depends on optimal temperature. The
optimal temperature for microalgae culture is 20-240C, although
it may vary with the composition of the culture medium, the
species and strained cultured [45]. Several species have been
identified which can tolerate high temperature up to 600C. Tem-
perature lower than 160C will slow down growth whereas those
higher than 350C are lethal for no. of species [34].Table (8) dis-
cusses the temperature tolerance limit of some algal species.
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Microalgal species Maximum temperature
Cyanidium caldarium &0
Scenedesmus sp. 30
Symechococcus elongates &0
Chiorella sp. 45
Eudoring sp. 30
Chamydomonas 5p. 35
Nannochioris sp. 25
Monoraphidiumminutum 25
Choetocerossp. 25
Rhodomonassp. 30
Cryptomonassp. 30
Isochrysissp. 30
Phasodactylumtricornuium 30
Chiorella ellipsoidea 30
Powiovaiutheri 30
Spirwlinaplatensis 25
Chiorelia vulgaris 30
eryococrusbmum’f.' 30

Tahle 8: Temperature tolerance of various algal species [46] [47].

Due to the possible lethality of microalgae and probable over-
heating in closed photobioreactor, temperature control is of
major concern. Within photobiorector temperature can be con-
trolled by evaporative cooling by spraying water on the surface
of tubes, by regulating the temperature of feed or recirculation
stream, by placing the light harvesting unit inside a pool of wa-
ter, by selecting the proper material of construction which can
withstand high temperature [3].

3.2.3 pH

pH of the medium is an important operating parameter as it is
directly related with concentration of CO2. In closed photobio-
reactor, as CO2 consumption increases, pH increases. The pH af-
fects the liquid chemistry of polar compounds and availability of
nutrients such as iron, organic acids and even CO2 [35,36]. pH
can be controlled by aerating the culture. Optimum pH of the
medium is usually around 7, except for Chlorella and Spirulina
which require higher pH around 10 for biomass production [3].

3.2.4 CO2 Supply

For photosynthesis to occur, CO2 is one of the necessary re-
quirements. Carbon dioxide concentration is considered as an
optimal parameter because an excess of CO2 can be unfavora-
ble to photosynthesis and cell growth. CO2 concentration from
5%to 10% by volume is considered optimum for the maximum
growth. Further the amount of CO2 needed for growth varies ac-
cording to microalgal species and PBR type. CO2 concentration
can also affect the lipid composition [37].

3.3 Hydrodynamic Parameters

3.3.1 Mixing

Mixing in PBR’s is known to enhance biomass productivity by
avoiding light and temperature gradient across the bioreac-
tor and ensuring the homogenous distribution of nutrients [3].
Inadequate mixing will result in settling of biomass, stagnant
or dead zones, cell aggregation and formation of multiphase
system, thus affecting the mass transfer rate. Mixing can be en-
hanced by using horizontal and vertical baffles in the PBR itself
or by using auxiliary devices for recirculation using devices such
as pumps. Mixing and lighting are closely related. It minimizes
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the 10 (Incident Light Intensity) and takes advantage of flashing
light effects.

3.3.2 Bubble size

Bubble size is an important parameter which decides the pho-
tobioreactor performance [38]. For this reason it is important to
optimize the design of a gas distributor from which dispersed
gas is sparged. Type of sparger also influences the overall mass
transfer coefficient in a reactor. The use of fine spargers could
result in the formation of large bubbles which leads to poor
mass transfer because of reduced contact area between liquid
and gas [16]. Bubbling is a critical parameter, as it may be re-
sponsible for cell damage. The cell damage associated with bub-
bling are-

e  Cell interaction with bubble generation at the sparger.

e  Cell interaction with bubbles coalescence and breaking up in
the region of bubble rise and

e Cell interactions with bubbles at the air-medium interface
[39] [40].

3.3.3 Gas velocity

Superficial gas velocity is the average velocity of gas being bub-
bled into the column through the sparger, which is given by fol-
lowing relation:

Where, U; = superficial gas velocity
Q = volumetric flow rate
A = cross sectional area

3.3.4 Gas Hold Up

Gas holdup is one of the most important PBR design criteria
and it characterizes gas liquid system. Gas holdup is defined
as the volume fraction of gas that is taken up by gas bubbles. It
governs gas phase residence time and gas liquid mass transfer. It
depends on superficial gas velocity and type of sparger. Many re-
searchers from their experiments reveal that as the diameter of
bubble increases, which depends on type of sparger, superficial
gas velocity also increases and thus gas holdup increases [41].
Gas holdup is also affected by the column height when height to
diameter ratio of column is less than 5:1.When the ratio is less
than this, height effect on holdup is negligible [42].

4.Developed Photo bioreactor

Numerous aspects influence the growth and the lipid content
of algae. In view to increase the algal growth and lipid content,
many researchers have developed a variety of photobioreactors.
Design considerations such as geometric parameters, operating
parameters and hydrodynamic parameters are considered as
the basis to make the study of performance of different designs
easier. In this paper five designs are considered which discusses
about the effect of evaluation parameters on biomass productiv-

ity.
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Development of PBR in order to enhance the biomass produc-
tion depends on microalgal species selected, their cultivation
conditions and nutrients available for the growth. Selection of
algal species for biofuel production depends on factors such as
growing rate, lipid content, resistance to changing environmen-
tal conditions, nutrient availability, ease of biomass separation
and processing. The above table no. (9) shows the species cho-
sen by the researchers for biomass production in the developed
photobioreactor based on the availability and the literature in-
formation on the algal lipid content and biomass productivity.
The following table no. (10) shows the specifications of different
photobioreactors considered for discussion.
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4.1 Photobioreactor Performance

Designl: Periodically Shaded Tubular Photobioreactor

It is a novel tubular photobioreactor with the outer surface peri-
odically shaded to generate L/D cycle for enhancing the micro-
algae growth by overcoming the problems of photo inhibition,
thermal dissipation and electron transport which are respon-
sible for low productivity. In this study, transmission of light
shielding material, the frequency of L/D cycles, the effect of light
intensity and the biomass specific growth rate was studied. Fluo-
rescent light was used for the illumination and it was found that
the light intensity at 240pumolm-2s-1 showed the highest growth
rate for the proposed design. Results also revealed that the dark
regions could be efficiently generated using the shielding mate-
rial. Higher dry weight of biomass was seen in the periodically
shaded TPBR at 100Hz than compared to the biomass yield at
2Hz, thus proving that a high frequency L/D cycle should be
considered for optimal design of this reactor. The study claims
that the performance of this photobioreactor is more efficient as
a 21.6+2.1% increase in biomass productivity was achieved com-
pared to the conventional photobioreactor.

Design 2: Modular Flat Panel Photobioreactor

This reactor consisting of a closely packed unit of 6 alveolar
panels and 12 fluorescent tubes contained in a thermo regu-
lated cabin is operated to provide good quality Nannochlorop-
sis biomass. Two different irradiance levels (115 and 230pmol
photon m-2 s-1) and both single side and two-side illumination
were tested at steady state conditions. Air flow rate of 0.5L L-1
min-1, gas hold-up of 3.3%, pH of 7.5+0.2, temperature of 25+1°C
and a cell concentration of 2.6-3.2g(was maintained. It was seen
that for one side of the panel illumination, the mean volumet-
ric productivity increased from 0.61g to 0.85g (d. wt) L-1 24h-1
when the irradiance was increased from 115 to 230pumol pho-
ton m-2 s-1 respectively. Significantly, with illumination on both
the sides, the culture productivities were higher. However, cul-
tures illuminated with 115pmol photon m-2 s-1from both sides
showed 14% higher productivity and higher light conversion effi-
ciency. This reactor has successfully shown that due to the high
surface to volume ratio of the single panels, the cell concentra-
tion at harvesting and the volumetric productivities achievable
in the MFPP are 15-30 times higher than those attained in 200L
fiber glass cylinders under artificial light. Also in comparison to
other systems for microalgae culture, the MFPP provides a very
efficient utilization of light since photons do not escape the sys-
tem and are efficiently conveyed to the culture

Design 3: Annular Photobioreactor

Two types of annular reactors that were illuminated from the
inside using natural, artificial (six58W fluorescent tubes or one
400W metal halide lamp) or combined illumination were devel-
oped and evaluated during several months for the mass cultiva-
tion of Nannochloropsis sp. While maintaining the air flow rate
at 0.1Lmin-1, gas hold-up of 2%, pH at 7.5+0.3 and a temperature
of 25+0.2°C in both the reactors, the productivity on per reac-
tor basis was studied. The productive yield using metal halide
lamps which was 34g reactor-1 24h-1 compared to 27g reactor-1
24h-1with fluorescent tubes showed that the former source was
an efficient for illumination. Under artificial illumination, the
culture in the 91-cm annular reactor was from 30 to 60% more
productive than the culture in the 50-cm reactor with both the
metal halide lamp and the fluorescent lamp. This proved that
the cultures subject to combined illumination always attained
higher yields. Also the study of the 1200L plant produced an av-
erage of 270g of dry Nannochloropsis sp. biomass per day under
combined illumination. Thus the design claims to represent a
successful attempt to use remotely produced Nannochloropsis
biomass as live feed in commercial hatcheries.

Design 4: Bubble Column Photobioreactor
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This bubble column photobioreactor was specially designed to
grow the cultures of Botryococcous Braunii for the production
of biodiesel. The photobioreactor was designed to supplement
CO2 at a high rate of 1.5L/min to induce hydrodynamic stress on
algae for exchange of gases and light regions.Also lipid estima-
tion tests using Blight and Dyer method, alcohol determination
using gas chromatography and biofuel production using soxhlet
apparatus was conducted to validate the design. The shake flask
studies were performed prior to the inoculation to the photobio-
reactor which showed that the total weight of the biomass was
found to be higher in the bubble column photobioreactor with
4.1g/L while low from the shake flask studies with 1.2g/L of cul-
ture. Thus the proposed photobioreactor design showed higher
growth rates with maximum lipid content of 78% as measured
gravimetrically.

Design 5: Vertical Tubular Photobioreactor

This vertical tubular photobioreactor was constructed eco-
nomically using low cost material. Studies were performed to
determine the suitable growth medium, optimum pH and opti-
mum inoculum level at a light intensity of 1.2+0.2Klux and tem-
perature of 25°C+1°C at an incubation period of 3 weeks for the
mass cultivation of microalgae. The F2 medium showed higher
amount of biomass with the species Chaetoceros Calcitran and
Nanochloropsis Occulata giving a dried biomass yield of 4.6g/L
and 3.4g/L respectively in it. pH studies were conducted in the
range of 6-10 in F2 medium and were found that higher amount
of microalgae biomass was obtained at a pH of 8. Also growth
studies were conducted at four inoculum concentrations of 0.05,
0.10, 0.15 and 0.20 at an optical density of 620nm. The results
reveal that the microalgae cultivated at an inoculum concentra-
tion of 0.15 produces maximum amount of biomass at the 12th
day of cultivation.

6 Concluding

In last decade numerous photobioreactor designs has made
good evolution. Basic Principal is incorporated and design con-
siderations have been utilized extensively to increase biomass
productivity. So far most emphasize is given on performance
parameters such as light intensity and distribution, algal cell
biology and geometry but limited to small scale production. To
obtain maximum production at large scale, design is the major
factor. At commercial scale selection of optimal reactor is asso-
ciated with cost effectiveness of the reactor, low maintenance
cost, space expediency and energy requirement which need to
be optimized. Hydrodynamic is one of the critical aspects in de-
signing an efficient photobioreactor. Complete hydrodynamic
study can be accomplish by using modeling and simulation tech-
nique, which can be considered as one of the approach to devel-
op an innovative design that may overcome scaling complexity
up to some extent. Overall, the ultimate goal is to produce algal
biomass in large scale that should be cost effective and econom-
ic to compete with fossil fuels.

To date, it is a big challenge as to how a suitable, economical
and scalable photobioreactor is to be designed which fulfills all
the requirements. Hybrid photobioreactor that is combinations
of open and closed reactors seems to have great potential from
volumetric productivity prospective and brings lot of scope for
future investigation to make it economical.
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