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ABSTRACT

The reduction of carbon dioxide concentration in the air (CO2) is one of the most important areas for the mitigation of climate change
thatisbeingfocusedon by various studies.The cultivationofmicroalgaeisatoolthatcanbeappliedtoremove CO ;from atmosphere
as theyabsorb light and CO2 and produce molecular oxygen during their cultivation. Wastewater treatment, production of biofuels,
biofertilizers, and biomaterials are considered some of the applications of microalgal cultivation. Microalgae can be cultiva ted in
open systems such assimple ponds, circular ponds,and raceway ponds, or in closed systems that are called photobioreactors (PBRs),
such as flat panels, vertical tubes, horizontal tubes, andstirred tanks. PBRs have a higher potential ascompared to open sy stems in
terms of growth rate, productivity, protectionagainstcontaminationandthe highqualityofmicroalgal biomass. However, the capital
and operational cost are still posingan obstruction to installing PBRs for large scale industrial usage. Different types of PBRs with
their features are reviewed in this paper,and the potential of PBRs in cultivation of microalgae will be elaborated. This brief review
also provides insight to the geometric configurations and mechanisms of PBRs.
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1. Introduction

Recently, microalgae and its cultivation have been used enormously forvarious applications such
as biofuel, wastewater treatment, pharmaceuticals, and cosmetic products [1-3]. The demand of
non-renewable resources of energy has been increased because of the increase in population and
urbanization. Hence, microalgae are found as sustainable and renewable resources termed as tiny
biorefineries [4]. Microalgae has featuresthat makes it an appropriate alternative as sustainable and
renewable resources of energy rather than other resources; can be cultivated in wastewater that
reduce the carbon footprint, has a high growth rate, independence of agricultural land, a potential
storage of carbon in the carbohydrates and lipids to produce biofuel such as (bioethanal,
biomethane, biodiesel and biohydrogen) and other numerous products such as antioxidants,
biopeptides, pigments, biopolymers and polysaccharides [5]. Microalgae can be used as food and
supplements as the protein could be obtained from algal biomass [6]. The demerits of obtaining
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biofuel from microalgae are the high demand of energy and production cost. The stages of processing
of microalgae cultivation, harvesting, and drying are costly and not energy efficient. Advanced PBRs
technologies and economic downstream processing are critical requisites to achieve the
environmentally sustainable metabolites from microalgal biomass and economically viable. Biogenic
microalgae can replace the petroleum biorefinery as an alternative solution. Providing the production
of biofuel, resource recovery and minimizing the overall cost of upstream (strain selection, nutrients,
light, and aeration) and downstream processes are underlyingthe concept of the algal biorefinery.

CO; is absorbed by microalgae during exposure to the light and it leads to produce the energy.
The role of photosyntheticprocess is to produce the glucose by fixing CO 2, so the CO; amount in the
atmosphere can be reduced by enhancing the photosynthetic efficiency of microalgae.
Carbohydrates, proteins, lipids, and CO. are required to produce glucose [7]. Microalgal
photosynthesis includes light and dark reactions (Calvin cycle). Light reaction cycles occur in the
thylakoids converting light energy to chemical energy, while in the dark cycle the active chemical
energyis transformed to stable chemical energy. The process is depictedin Figure 1.

6C02+12H20+light+chlorophyl — CsH1206+6C02+4+6H20 (D

Microalgae can be cultivated in open or closed PBRs [8]. The open systems have several
advantages such as easier to construct and operate compared to closed systems, while closed
systems also possess some merits such as better control of temperature and pH concentrations,
efficient light distribution, and minimization of contamination from outside and the productivity of
microalgal biomass is higher as compared to open ponds systems [9]. Nevertheless, the limitations
of closed PBRs systems are the capital cost of PBRs, high shear stress that damage the cellsand the
difficultiesinscalingup [10, 11].

The current research gains interest in improving the producing of biomass from microalgae
cultivation through the advancement of PBRs’ parameters [12]. Light, nutrient, CO2, and mixingare
required factors to cultivate microalga [2, 7]. So far, the productivity of microalgae is still facing
hurdles in terms of large amount [13]. Efficient and developed closed PBRs systems can overcome
the hurdles that affect microalgae growth, such as high cost and limiting their commercial
applications to high-valued compounds [14]. PBRs design parameters are also dependent on
penetration and distribution of light, as well as supply of CO..

PBRs are sophisticated systems that provide the appropriate environment and conditions of
cultivation for microalgae. The conditions of operating that including temperature, light, nutrients,
and mixingare regulated, monitored, and controlled to maximize the yield of algal biomass [15]. The
installation of PBRs can be indoor to exposure the artificial light or outdoor to exposure the sunlight
and that cultivation called photoautotrophic microalgae cultivation as the sunlight or artificial light
supply the energy [16]. Recently, dozens of novel PBRs were being designed and manufactured, but
the most common PBRs that used are flat panel, stirred tank and tubular. Regarding their merits and
demeritsare dependedonbiomass yield, operation mode and upscaling level [17]. Day by day, the
research is being gained enormous interest continuously and the PBRs have been improved and
modified to adoptalgal spices undervarying cultivation conditionsin the environment, optimize algal
biomass yield, and commercialize the applications [18]. The potential of different PBRs such as flat
panel, stirred tank and tubularthat including vertical, horizontal, and U-shaped PBR will be discussed,
and their configurations and processing of microalgae cultivation will be detailedinthisreview.
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Fig. 1. Microalgae photosynthesisreaction [19]

2. Comparing open ponds and photobioreactors

The life cycle impact of energy consumption for microalgae cultivation should be taken into
consideration, especially the processing of biomass and lipid extraction, as they are the most energy-
intensive [20]. New advanced technologies are required to reduce energy consumption and CO;
emissions while also increasing the biomass productivity of microalgae. Minimization of
maintenance costs and maximisation of production of microalgae are crucial factors that should be
achieved in the long term [21]. Table 1 illustrates the cost structure for algae cultivation in open
ponds compared to PBRs. As shown, the capital cost of PBRs is 82.7% as the cost of construction,
while 15.4% is the cost of ponds exclusive of other structures of the systems. Products, nutrients,
harvest technologies, and biomass drying are factors that affect the cost-effectiveness of algae
production.

Table1
comparing the capital cost structure of systems in open pond system and PBRs adopted from [20, 22, 23]
Capital cost structure Open pond system PBR
of systems
Harvesting 21.0% 6.5%
Ponds 15.4% -
PBR - 82.7%
Inoculum system 12.3% 3.8%
Land costs 11.3% 3.5%
Extraction 8.2% 2.5%
Digestion 11.8% 3.6%
OSBLEquipment 10.8% 3.3%
CO2 delivery 6.2% 1.9%
Hydrotreating 12.3% 1.4%
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The cost of 1 kg of algae production from raceways ponds is estimated to be around $16.4, while
the cost of PBR production is estimated to be around $33 [20]. Furthermore, it is estimated that
production of 1 kg of algae needs about 1 acre and that might cost about $11. However, increasing
the acres to 100 usinghigh advanced technologiesis required to minimise the cost of production to
about $4.4 [22]. The cost of cultivating microalgae inan open pondis cheaperthan usinga PBR, even
though the biomass productivityis higherand more controllableinthe PBR.

3. Photobioreactors

Numerous studies have recently focused on closed PBR systems. Closed systems have no direct
gas exchange with the outside environmentand that critically leads to minimising the contamination
from the outside environment [9], as the microalgae are entirely cultured and enclosed in the PBR
[24]. The purpose of the design of a closed system isto overcome the hurdles of open systems [25].
The efficiency of receiving sunlight in closed systems is higher than in open pond systems as it has
two stages of receiving sunlight: (1) directly receiving light from the first area and (2) collecting
distributed light from the second area [26]. In closed systems, the conditions of microalgae
cultivation are controllable within high-value productivity [9]. They have various merits, such as
controlling temperature, intensive sunlight and PH concentrations, minimization of CO2 and
contamination from outside, and the quality of microalgae production is high compared with open
pond systems [27]. However, the buildingand operating systems of closed PBR systems are still facing
obstructions relevant to economic aspects compared to open systems [25]. Hence, it is worth
developing to substitute OPS because its products have high quality and a massive growth rate of
productivity [28]. Many versions of PBR closed systems have been created by researchers, such as
flat panel PBRs, tubular PBRs, and stirred tank PBRs [29]. According to the classification of
photobioreactors based on geometry and cultivation processing, Figure 2 shows that PBR s are
categorised mainlyinto flat panel, tubular, pyramid, fermenter, and hybrid. Among those PBRs, the
tubular reactor is known as the most common use [14].

Type of Photobioreactors

Vertical flat plate reactor Vertical Tubular Reactor Fermenter Type Rector

v v

]

Horizontal Flat Plate
Vg P R
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v
Pty i

Fig. 2. The main classification of PBRs based on the shape modified and adopted from [14]
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PBRs have some advantages and disadvantages depending upon the bioticand abiotic conditions
employedinthe cultivation of different microalgal species. The pros and cons of the PBRS explained
in the paper are summarizedin Table 2

Table 2
Comparing the advantagesand limitations of different PBRs used for microalgae cultivation [14, 30-33]
Type of Advantages Limitations
Photobioreactor
Vertical o Excellent biomass productivity e possibility of cell shearstress

photobioreactors
(Airliftand bubble
column)

Horizontal

Flatplate

Stirred tank

e High efficiency of photosynthesis

o Limitation of photo-inhibitionand
photooxidation

e Smalllandrequired for construction

e Appropriate for outdoor cultivation

e Low contamination risk

e Low energy required

o Low cost, relatively small size and easily
maintain

e High surfaceto volumeratio

o High exposure with optimum use of light
e Appropriate for outdoor cultures

o Relativelyexcellent biomass output

o Suitable position towards sunlight

e Maximumuse of receivedlight

e Reasonable cost

o Relativelyeasy scalability

o Maximumexposure to sunlight

e High ratio of surface to volume

o Well-appropriate for outdoorfarming

e High productivity of biomass

o Well-distributed of total light for cultivation
e Relativelycheap cost

e Easyto construct, clean and handle

o High photosynthesis efficacy

e Low concentration of dissolved oxygen

e Runningaxeniccultivation possible

e possibility of open gas exchange

e purposing use for optimization analysis
e Controllable of all parameters of process

e lowlightexposureandlow
illumination area

e susceptibility of biofouling on walls
of reactor

e Accumulation of dissolved oxygen
risky

o Possibility of biofouling

e Required largeland

e Photo-inhibition

¢ possibility of cells shear stress

e Separate gas exchange unit
demanded

o Difficulty of Scalability

o Difficulty of cultivation
temperatureregulating

e Possibility biofouling

o Possibility of hydrodynamicstress
inalgaecells

e Low ratio of surfaceto volume

e Low accessibility of light exposure
e Low biomass output

e Expensive of operation cost

3.1 Flat panel Photobioreactor

The materialsthat are used to construct the flat panel reactorare transparent materials li ke glass,
plexiglass, polycarbonate, and other similar materials [34]. The flat panel reactor is appropriate for
both indoorand outdoor cultivation asits light pathis short, and it eases the penetration of light. The
panels of the reactor can be placed vertical or inclined based on a angle that is shown in figure 3 to
maximize the exposure of light from light sources [3]. Bubbled air or air rotated mechanically are the
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two methodsthat increase the mixing rate, which increases biomass productivity. Besidesthat, the
reactors have a high ratio of surface area tovolume, and its construction is sample [31]. Furthermore,
scaling up ina flatpanelis easierthan in a horizontal photobioreactor tubular because the flat panel
has a larger illumination surface area. Flat plate bioreactor has some limitations such as aeration
rates, temperature control during cultivation, and biofouling [32]. In terms of processing, as such, the
optimization of cultivationis required to maximise the biomass production, the decline of the energy
consumption during the processingof cultivation should also be considered.
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Fig. 3. Flat panel PBR modified and adopted from [35]

3.2 Stirred tank Photobioreactors

The basic design of the stirred tank reactor that is used in microalgae cultivation was takenfrom
the fermenter tank design [35]. The concept of the processing is almost similar, but external light
resources are required for microalgae cultivation [35, 36]. The mechanical movement from the
agitator aids in maximising the optimal heat and mass transfer, and it contributes to the mixing of
the culture medium efficiently. Furthermore, providing aeration can help to increase gas solubility
[3]. However, the ratio of surface to volume is low, and that leads to a decrease in the efficiency of
microalgal photosynthesis [1, 30]. Regarding medium utilization, it is a curial to use the appropriate
medium that is driven from the mediumtank to the reactor. Different medium utilisation affects the
productivity of oil, as the high concentration of salt medium is likely to decrease the growth of
biomass. However, the amount of extracted lipid will be high dependingon the type of mediumas it
is neededto optimise the production of lipid [37]. Currently, the purpose of stirred tanks is only for
laboratory scale utilisation because the adequate exposure of light for microalgae cultivation might
be affected in the larger vessel. The stirred tank needs to be more developed to increase the
concentration of biomass productivity continuously and accordingly on a large-scale design. Figure 4
shows the basic principles of stirred tank design.
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Fig. 4. stirred tank PBR modified and adopted from [35]
3.3 Tubular Photobioreactors

The tubular PBRs are considered the most used among other types of PBRs due to the high
amount of biomass it produces duringa short time of cultivation and harvesting [33]. To increase the
efficiency of receiving sunlight, the materials of tubes are transparent, such as plastic or glass, and
constructed parallelly. The diameter of the tubesis equal or less than 0.2m. They provide a pump or
airlift technology that circulates microalgae through the tubes [38, 39]. Tubular PBRs have various
configurations, such as vertical tube photobioreactors, including bubble column and airliftreactors,
horizontal tube reactors, helical tubes, and most recently, U-shaped reactors. The shape of the
reactor playsa crucial role in convertingthe light energy according to its positioning towards the sun
during outdoor culture [33]. A CO2 gas mixture is introduced into the tube connection by using a
dedicated gas exchange system. However, providing deoxygenation mechanisms effectively is
essential to enhance dissolved oxygen as a photobleaching phenomenon happens during the
accumulation of oxygen through low efficiency photosynthesis [30].

3.3.1 Vertical tube Photobioreactors

The design of the vertical tube PBR can be categorisedinto two types: bubble column and airlift
column. There are common meritsto vertical photobioreactor designs. For example, the air sparger
is installed at the bottom, which boosts mass transfer and increases the mixing rate for algae with
culture medium [40]. The bubble column design is a cylindrical column shape that does not have a
structure inside and not having a moving part [41]. The path movement of fluid from the bottom to
the top is driven by air bubbles that are generated by an air sparger [42, 43]. The bubble column
design has many features; the ratio of surface to volume is high, and mass transfer is satisfied. The
resource of light is external, which enhances the efficiency of mixing and photosynthetic. They are
then motivated to move from the light-litzone into a dark, central area [3].

The airlift reactor is defined as the improved design of the bubble column. The airlift reactor is
designed with an internal structure with a riserzone and a downcomer zone. The role of air bubbles
is to drive the liquid from the dark zone (riserzone) to the illuminated zone (outside zone), and this
process is called airlift [44]. The liquidis a cycle betweenthe dark zone and the light zone. The merits
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of cultivation of microalgae in the airlift are that the mixing is more dynamic with low shear stress,
and the mass transfer is efficient [35]. The intrusion of bubbles positively effects the microalgal
growth rate by increasing the surface area for the water-gas phase and removing the oxygen
produced during microalgal growth. The highest photosynthetic conversion rate and volumetric
productivity are possessed by vertical PBRs [35, 45]. Moreover, if the light interception is further
increased, it can enhance the photosynthetic conversion rate as well as areal productivity. The
advantages of vertical PBRs promise to be an appropriate option on a large scale, but the capital cost
is high. The design still needs to be considered to minimise the cost of implementation [46].
Generally, "tubular PBR " is a description of any type of photobioreactor that has a tube inits design.
The potential for microalgae cultivationis high compared to that of open pond systems [47].
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Fig. 5. Types of vertical tube PBR modified and adopted from [35]

3.3.2 Horizontal Photobioreactors

The horizontal tube PBR is known as the first constructed type of closed reactor to cultivate
microalgae [35]. It has longtubes that can be positionedinvarious shapes, such as walls, helices, or
panels. Alarge areaisrequiredtoinstall the horizontal PBRas it has a high surface. Hence, the surface
area is permeable to the light due to the small diameterand the long distance of the tube [45]. The
culture mediumiis circulated during exposure to the light source and back to the reservoirby pump
[48]. The flow regime should be continuously high-turbulent. To be sure, periodic maintenance of the
reactor is required to avoid the flocculation of microalgae [39]. As a requirement to continue the
processing of cultivation in the system, some of the biomass must be harvested. As compared, a
study showed that artificial light increases the value of microalgal productivity much better than

39



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 27, Issue 1 (2022) 32-44

sunlightin terms of products. Even though, the positioning of tubes tightly to each other can increase
areal production, the exposure of light on the tubes will be decreased. A smaller diameter and a
length of tube are required to avoid the accumulation of oxygen and increasing the density of
productivity. The dissolved oxygeninthe horizontal reactor is lowercompared to the vertical type of
PBR as the height of tube would increase the tank pressure and that lead to drive more oxygen to
the medium [49].
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Fig. 6. Horizontal tube PBR modified and adopted from [35]
3.3.3 U-shaped Photobioreactors

The U-shaped PBRis a novel tubular photobioreactor that cylindrical tube is designed as U letter
shape. No studies have discussed the design, operation, and cultivation of microalgae in the PBR.
Figure 7 shows the design of U-shape PBR in terms of geometry. Accordingly on the operating
procedure of U-system, one peristaltic pump is used as supply pump for U-system. The peristaltic
pump transfers medium from medium preparation tank into U-panels. The same goes for discharge
pump. It transfers cultivated algae from U-panel harvesting tank. The peristaltic pump is controlled
by dispensingvolume and discharge pump is controlled by timer. Each U-panel isequipped with one
re-circulation pump, in order to continuously stir the medium. Each U-panel installed with one
thermocouple aswell. One pHand DO sensoris shared between three U-panelsin one U-system. The
working volume of 1 tube panel is 35 L. U-tube system contains; 1) RP (re-circulation pump, 2)
temperature probe, 3) DO (Dissolved Oxygen) probe, 4) pH measuring probe and 5) light sensor. As
U-system is equipped with one DO and pH sensors, that means one pH and DO sensors are shaped
betweenthreeindividual U-shaped panels. The sensors are mount on the stainless-steel probe. The
probe needsto be inserted on top on the U-panel. The display for each sensor is mount on the side
of U-system frame.
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The geometry of the U-shaped PBR resemblesa manometric and its flow is recirculatory. Hence,
the path of flow may help to minimise energy consumption. In this case, the generation of energy
from pumps and aeration might be decreased. For future studies, investigating the optimization of
cultivation conditions in a U-shaped PBR is required. To do that, the hydrodynamic characteristics
need to be identified, such as velocity, viscosity, and turbulence. In terms of novelty, a U-shaped
reactor can be developed by installing a static mixer. A static mixer may increase the productivity of
algae as the mixing of nutritionand light will be increased [50].

4. Conclusions

Recently with increasing the global warming, microalgae have gained interested to mitigate the
carbon dioxide as it can be used with various applicationsthat sounds environmentally friendly. Itis
critical that the performance of microalgae cultivation is depended on choosing the PBR under the
appropriate conditions of culture. There are thousands algal spices and every type of spices has own
possesses conditions of growth, so the strain of microalgae mainly contributes toidentify the suitable
conditions of growth. Cultivation of microalgae in PBRs must deal with numerous challenges.
Furthermore, the type of PBRs should be chosen accordingly on its design with choosing algal spices
since every type of photobioreactor has several designs. Although, the open pond systems have many
limitations, they are still suggested to use for reducing the carbon dioxide that released from
industries and power plant, to treat the wastewater and to produce the biofuel. The large scale of
microalgae cultivationis coming with open pond system comparing closed system, so itis suitable to
produce biofuel. However, microalgae cultivationin closed system leads to a good qualitysince it is
not contaminated from surrounding, therefore it is defiantly appropriate for cosmetic and
pharmaceuticals products. PBRs are worth more efforts to overcome the hurdles and be more
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developed. Sometimes, there are suggested hybrid PBR systems that can overcome some limitations
and minimize the losses such as water and energy.
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