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Abstract

In this article, we developed a process to design batch algal cultivation systems consisting of outdoor ponds, indoor
photobioreactors (PBRs), outdoor PBRs, and indoor ponds for both freshwater and industrial wastes (wastewater and
flue gas). We considered pH, temperature, light conditions, carbon, nutrients, inhibitors, mixing, and O  degassing as
design parameters and sequentially ranked them according to the necessity of cultivation conditions. Although each set
of conditions warrants a unique design according to the requirements, some scenarios were common for every system,
i.e., microalgae species, temperature, pH, light, size, shape, and material were always ranked before nutrients, and
mixing technique and inhibitors were consistently ranked after nutrients. Light and temperature for outdoor conditions,
pH for ponds, and nitrogen and phosphorus were deemed noncontrollable. Ponds do not require material for
construction; O  degassing and the selection of microalgae were always ranked first; and SO  and NO  were considered
only for industrial flue gas. We constructed cultivation models of Chlorella vulgaris (C. vulgaris) for Bangkok based on
the developed designs of algal cultivation systems. Monod’s model (mathematical model) and simulations by SuperPro
Designer software using the optimum parameter values predicted a maximum algal productivity of 0.0114–0.0381 and
0.11–0.7 g/l/day (open pond and PBR, respectively), bioremediation of 52–70% and 81–90% (open pond and PBR; only
wastewater), and CO  biofixation of < 1% (only PBR). A comparison between the results found in this study and the
literature on C. vulgaris suggests that both Monod’s model and simulation software can predict algal productivity and
bioremediation, but they are not recommended for CO  biofixation.
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PBR
Open pond
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1. Introduction
Microalgae are a potential source of bioenergy, i.e., biodiesel, biogas, bioethanol, and biohydrogen are potential products
derived from algal biomass (Slade and Bauen 2013). However, the current commercial usage of microalgae is mainly
limited to the production of animal feed, fish feed, human food supplements, etc. (Spolaore et al. 2006; Bishop and Zubeck
2012). Microalgae were commercially used in nutraceuticals (23%), food (5%), cosmetics (12%), pharmaceuticals (12%),
chemicals (12%), fertilizers (5%), animal feed (10%), and other applications (21%) in 2017 (WGR 2018). The availability
of vitamins such as A, B1, B2, B12, C, and E; omega 3; nicotinate; biotin; folic acid; and pantothenic acid (Luiten et al.
2003; Spilling et al. 2015) in microalgae is the main reason for their use as food or a food ingredient. Other uses include
ingredients of raw materials for skincare creams, anti-irritant creams, antiaging creams, etc. (Spolaore et al. 2006; Chen et
al. 2010; Harun et al. 2010). North America (37%), Asia Pacific (32%), and Europe (22%) possess the greatest market
share of microalgae (WGR 2018).

Outdoor open ponds and indoor PBRs, two widely used microalgae cultivation systems, are used for commercial algal
cultivation (Sarker and Salam 2019). Open ponds can also be set up indoors, and PBRs can be installed outdoors. Similar to
plants, the growth of microalgae requires nutrients such as nitrogen (N), phosphorus (P), and carbon (C). Chemicals,
fertilizers, or CO  can provide nutrient C. Industrial flue gas, raw biogas from anaerobic digesters, untreated natural gas
from gas wells, etc., which contain CO  can serve as a C source. One advantage of microalgae cultivation systems is that
they can produce biomass and capture CO  simultaneously in the same operation unit without additional processes or
chemicals (Sayre 2010), whereas traditional CO  removal processes require solvents that produce no value-added products
(Sarker 2016).

The culture medium for cultivation can be prepared with either freshwater or wastewater. Microalgae cultivation reduces or
removes ammonium, nitrate, nitrite, phosphate, and organic carbon from wastewater because microalgae consume these
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elements as growth nutrients. Traditional wastewater treatments use chemicals for the treatment process, requiring a
significant operation cost (Sarker and Sarkar 2018). The integration of wastewater with algal cultivation not only treats the
wastewater but also offers several benefits, such as reductions in the water footprint and cultivation cost by reducing the
use of fertilizers or any other nutrients for cultivation (for freshwater) or chemicals (for wastewater treatment). Many
experimental works on measuring the optimum growth have considered only three or four parameters, such as light
intensity, light/dark cycle, and temperature while other parameters were kept constant (Khoeyi et al. 2012; Rasdi and Qin
2015; Pham et al. 2017). However, commercial cultivation requires every possible parameter to be considered.

In this study, we used SuperPro Designer software. This software was initially used widely in bioprocessing, but later, its
scope extended to include small-molecule active pharmaceutical ingredients and secondary pharmaceutical manufacturing
processes (Ende 2010). To date, only a few works have been conducted on microalgae growth using SuperPro Designer,
i.e., Asiedu et al. (2018) performed a technoeconomic analysis of the flash hydrolysis of microalgae, Qiu (2014) performed
a life cycle analysis of microalgae liquefaction, and Dr. Daniel Klein-Marcuschamer (Joint BioEnergy Institute in
Emeryville, CA, Jan 2015–Dec 2015) developed a model of microalgae production, purification, and conversion to lipids
and found that tripalmitin and triglycerides of palmitic acid were the products.

The design process involves the use of a series of sequentially ordered steps to find a solution to a problem. Every step of
algal cultivation design requires establishing the optimum conditions for each parameter. We determined the sequence of
steps according to the dependence of relevant parameters on other parameters. If the parameters are not designed properly,
determining the optimum algal growth will be difficult. We opted for C. vulgaris as an example and formulated designs for
its cultivation in Bangkok based on our findings on the ranking of parameters. Then, we determined the theoretical algal
productivity, bioremediation, and biofixation of CO  of C. vulgaris with simulations and mathematical models using the
optimum conditions for C. vulgaris and checked the validity of the mathematical models and simulation software by
comparing the calculated results with experimental findings. After that, design conditions for C. vulgaris were selected
using the design parameters and their rankings. We evaluated the designs for C. vulgaris cultivation with mathematical
models and SuperPro Designer software and estimated the algal growth rate with Monod’s mathematical models in
Microsoft Excel and algal density with SuperPro Designer. The novelty of this study consists of the design of algal
cultivation systems by determining the parameters required for batch media under different conditions, i.e., an indoor pond,
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outdoor pond, indoor PBR, and outdoor PBR, with both freshwater and wastewater as media and the ranking of parameters
according to their importance and dependence on other parameters.

2.  Methodology
The design parameters, rankings, and relevant formulas and constants were found by reviewing the literature. Priority was
given to the recently published works.

Formulas for the mathematical model of the algal growth rate were chosen based on Monod’s model because Monod’s
model is a straightforward approach to calculate the growth rate in water under limited nutrient conditions. All empirical
constants in the following formulas are strictly limited to C. vulgaris.

Growth rate for light intensity:

In Eq. (1), µ , µ , I, and K  represent growth rate (time ), maximum specific growth rate (time ), intensity, and half
saturation constant (unit is same as intensity) of light, consecutively.

Growth rate for nitrogen:

In Eq. (2), µ , µ , S , and K  represent growth rate (time ), maximum specific growth rate (time ), concentration and
half saturation constant (unit is same as concentration) of N, consecutively.

Growth rate for phosphorus:

= × (Buriew 1953)μI μmI
I

+ IKI

I mI I
−1 −1

= × (Novak and Brune 1985)μN μmN
SN

+KN SN

N mN N N
−1 −1
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In Eq. (3), µ , µ , S , and K  represent growth rate (time ), maximum specific growth rate (time ), concentration, and
half saturation constant (unit is same as concentration) of P, consecutively.

Growth rate for carbon:

In Eq. (4) µ , µ , S , and K  represent growth rate (time ), maximum specific growth rate (time ), concentration, and
half saturation constant (unit is same as concentration) of C, consecutively.

Overall growth rate when all factors are employed together:

In Eq. (5), μ represents overall algal growth rate (time ).

Number of moles of carbon in the carbon dioxide transferred to the aqueous medium:

= × (Monod 1949)μP μmP
SP

+KP SP

P mP P P
−1 −1

= × (Monod 1949)μc μmC
Sc

+Kc Sc

C mC c c
−1 −1

μ =
⎡
⎣

1

+ + +
KI
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SC
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SN

KP
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KI
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(Mankad and Bungay 1988; Jalalizadeh 2012)
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In Eq. (6), Q, C, τ, and V  represent flowrate of the gas (volume/time), the concentration of CO  in the gas flow (%),
duration of gas flow (time), and molar volume at 1 atm and 25 °C (l mol ), consecutively.

SuperPro designer also uses Monod’s model for algae-related simulations. The maximum limiting reactant conversion for
the PBR was 90%, and 70% was selected for the open pond. The chemical formula for algal biomass was
C H O N P (Stumm and Morgan 1996; Dalrymple et al. 2013). The selected temperature was 25 °C, and the
pressure was 1 atm. The stoichiometric reaction in freshwater cultivation is as follows:

The stoichiometric reaction in wastewater cultivation is as follows:

We used different types of wastewaters for the wastewater-integrated systems, such as domestic, poultry feedlot, swine
feedlot, paper mill, and tannery wastewater. We used the N and P contents of these wastewaters from the study of
Christenson and Sims (2011). In the simulations, we selected stoichiometrically balanced reactions for both the open and
controlled systems and considered only the material balance.

3. Design of microalgae cultivation systems

3.1.  Effect of temperature

= (Couto et al. 2018)MCO2

Q × C × τ

Vm

m 2
−1

106 263 110 16

[DAP + (99 × Bicarbonate) + (7 × Urea) + (63.5 × Water) ] = [ Algal biomass

+ (130.75 × Oxygen)]

[(8 × Ammonium nitrate) + Phosphate + (106 × Carbon dioxide)

+ (115.5 × Water) ] = [ Biomass + (122.75 × Oxygen)]



Temperature influences the algal growth mechanism, cell size, biochemical composition, and nutrient requirements (Juneja
et al. 2013). The optimum temperature corresponds to the maximum growth rate (Renaud et al. 2002), minimal cell size
(Rhee 1982; Harris 1987; Ras et al. 2013; Skau et al. 2017), and maximum carbon and nitrogen utilization efficiency
(Buggeln 1983; Ras et al. 2013). Reports suggest that changes in cytoplasmic viscosity under suboptimal temperature
conditions are responsible for less efficient carbon and nitrogen utilization (Hope and Walker 1976; Raven and Geider
1988; Skau et al. 2017). The effect of light on algal growth also depends on temperature (Juneja et al. 2013). At a fixed
light intensity, a lower temperature reduces electron transport because of the decreased rate of CO  fixation (Vonshak and
Torzillo 2003). Additionally, the active oxygen species experience an inhibition effect at a lower temperature, and the
photoinhibition effect is decreased by protecting PSII (Vonshak and Torzillo 2003). The synthesis process of D1 protein
becomes slower during photoinhibition at a lower temperature, which results in the PSII repair cycle (Vonshak and Torzillo
2003). When the temperature is higher than optimal, it slows down the growth rate by reducing protein synthesis (Konopka
and Brock 1978; Ras et al. 2013).

3.2.  Effect of pH

pH determines the availability and solubility of CO , carbonaceous species, and other essential nutrients in the culture
medium (Goldman and Shapiro 1973; Azov 1982; Chen and Durbin 1994; Morales et al. 2018) and influences algal
metabolism (Goldman and Shapiro 1973; Chen and Durbin 1994; Ismaiel et al. 2016). The maximum growth of algal
biomass is achieved at the optimum pH. Any deviation from optimum pH conditions causes a decreased algal growth rate
due to metabolic inhibition (Goldman et al. 1982; Ismaiel et al. 2016). When the pH value exceeds the optimum limit,
algae obtain less C from CO , causing less growth (Azov 1982; Chen and Durbin 1994; Boatman et al. 2018). Under this
condition, the affinity of microalgae toward free CO  also decreases (Azov 1982; Rotatore and Colman 1991; Boatman et
al. 2018). Similarly, when the pH is lower than the optimum level, it can alter nutrient uptake (Gensemer et al. 1993;
Boatman et al. 2018) or induce metal toxicity (Sunda 1975; Anderson and Morel 1978; Ismaiel et al. 2016) and eventually
affects algal biomass growth negatively. Lower pH decreases nitrogen and phosphorus removal due to pH-dependent
processes (Luiten et al. 2003; de-Godos et al. 2012). Temperature influences light, CO , and other nutrients. On the other
hand, pH influences other parameters, except for light, in ways similar to temperature. Therefore, in this study, the
temperature was selected as the most influential parameter, followed by pH.
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3.3.  Effect of light

Light quality, light intensity, and light/dark cycle play important roles in algal growth. Light quality (light wavelength or
color) should be determined first, followed by light intensity and light/dark cycle (Wong 2016; Xu et al. 2016). Light
quality means the light wavelength. The range of wavelengths of light can be predicted through light color. A 14:10
light/dark cycle means that in a 24-h period, the culture medium receives continuous light for 14 h, followed by 10 h of
continuous dark, and this cycle repeats until the cultivation ends. One study suggests that light intensity also has an impact
on the nutrient ratio (Spilling et al. 2015). Light affects the C/N, C/P, and C/Chl ratios and other cellular components, such
as the protein content and lipid fraction, especially during exponential growth. A light intensity higher or lower than the
optimum intensity moves the stoichiometric ratio further away from the optimum ratio and thus changes the nutrient ratio
(Spilling et al. 2015).

3.4.  Effect of nutrients and other parameters

The gas hold up, mixing time, coefficient of gas and liquid mass transfer, shear stress, flow rate, etc., are dependent on the
PBR shape (Pham et al. 2017). The light distribution can be influenced by the shape and selected material of PBRs. An
optimum amount of C, N, and P induces optimum growth (Shashirekha et al. 2016), as indicated by the C/P, C/N, and N/P
ratios (Laws and Bannister 1980; Hillebrand and Sommer 1999; Geider and La-Roche 2002; Hessen et al. 2002; Pahlow
2005; Novoveská et al. 2016; Flynn et al. 2017). No study has concluded that the effect of C, N, or P on algal growth
involves mutual interactions; therefore, the optimum nutrient contents can be measured in parallel. The source of C can be
carbonates or CO . Chemicals such as nitrate, ammonium, phosphate, or fertilizers containing N and P can be sources of N
and P for algal cultivation (Bajpai et al. 2014). Considering cost, availability, and usability, CO  and fertilizers are
preferred for commercial cultivation (Markou et al. 2014), where the nutrient ratio can be maintained appropriately.
Commercial algal cultivation requires proper mixing because it governs cell movement between dark and illuminated zones
and influences mass transfer in the culture (Guo et al. 2015). The mixing process can be conducted by aeration (suitable
only for a closed system) or by mechanical agitation (applicable for both open and closed systems); it can also be
continuous or intermittent. Like other plants, microalgae produce O , which limits algal growth (Sousa et al. 2013a, b; Guo
et al. 2015); but, O  degassing is required only for PBRs because of their closed structure. NO  and SO  also act as algal
growth inhibitors (Crofcheck et al. 2013; Shihady 2014). Flue gas may contain NO  and SO , and their tolerance limits for
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microalgae should only be determined after determining the optimum conditions for nutrients, followed by mixing and
finally O  degassing.

3.5.  Ranking of the design steps

Table 1 reports the ranking of the design steps for eight types of algal cultivation systems. As the design process involves a
series of steps, the optimum value of one or more parameters is determined in every step. The parameters were assigned
numbers according to their priority. The number zero (0) indicates that the parameter is not controllable in the design, and a
dash (−) indicates that particular parameter is not required in the design. In the case of open ponds (both freshwater and
wastewater), temperature, pH, and light parameters cannot be controlled; microalgae species are selected based on these
parameters. Then, the size and shape of the pond are determined, followed by the amount of nutrients (C, N, and P), the
nutrient supply procedures, and the mixing technique. Figure 1 summarizes the process flow diagram for an open
freshwater pond. Temperature and light parameters are not controllable in outdoor PBRs because they are dependent on
specific geographic locations. Microalgae species are selected based on these parameters. pH is chosen according to the
tolerance level of the selected microalgae. Then, the material for the construction of the PBR is selected, followed by the
size, shape, nutrients, mixing technique, and O  degassing technique. Figure 2 summarizes the process flow diagram for a
freshwater outdoor PBR. The difference between indoor and outdoor ponds is that temperature and light parameters are
controllable in an indoor pond, and the sequence is first light color, followed by light intensity and light/dark cycle.
Figure 3 summarizes the process flow diagram for an indoor freshwater pond. An indoor PBR is a completely controlled
system. Microalgae species are selected first. Any species of microalgae can be chosen in this system because every
parameter is controllable. Figure 4 shows the process flow diagram for a controlled PBR with industrial waste.

Table 1

Design of microalgae cultivation systems with the freshwater and wastewater

Parameters
Open pond Outdoor PBR Indoor pond Indoor PBR

Freshwater Industrial
wastes Freshwater Industrial

wastes Freshwater Industrial
wastes Freshwater Industrial

wastes
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Parameters
Open pond Outdoor PBR Indoor pond Indoor PBR

Freshwater Industrial
wastes Freshwater Industrial

wastes Freshwater Industrial
wastes Freshwater Industrial

wastes

Selection of
microalgae species 1 1 1 1 1 1 1 1

Temperature 0 0 0 0 2 2 2 2

pH 0 0 2 2 0 0 3 3

Size and shape 2 2 4 4 3 3 5 5

Material – – 3 3 – – 4 4

Light color 0 0 0 0 4 4 6 6

Light intensity 0 0 0 0 5 5 7 7

Light/dark cycle 0 0 0 0 6 6 8 8

C concentration 3 3 5 5 7 7 9 9

C supply procedure 4 4 6 6 8 8 10 10

N concentration 3 0 5 0 7 0 9 0

N supply procedure 4 0 6 0 8 0 10 0

P concentration 3 0 5 0 7 0 9 0

P supply procedure 4 0 6 0 8 0 10 0

Mixing (by
aeration/stirring) 5 6 7 8 9 10 11 12

Mixing time interval
and duration 6 7 8 9 10 11 12 13

O  degassing – – 9 10 – – 13 142



Parameters
Open pond Outdoor PBR Indoor pond Indoor PBR

Freshwater Industrial
wastes Freshwater Industrial

wastes Freshwater Industrial
wastes Freshwater Industrial

wastes

Inhibitors (SO ) – 5 – 7 – 9 – 11

Inhibitors (NO ) – 5 – 7 – 9 – 11

Fig. 1

Process flow diagram of microalgae cultivation in freshwater open pond
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Fig. 2

Process flow diagram of microalgae cultivation in freshwater outdoor PBR





Fig. 3

Process flow diagram of microalgae cultivation in freshwater indoor pond
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Fig. 4

Process flow diagram of microalgae cultivation in controlled PBR with industrial wastes







An optimum nutrient ratio is not available in wastewater, but this medium offers several benefits, such as nutrients will be
available at free of cost and algae cultivation will reduce pollutants, such as total nitrogen, total phosphorus, BOD, and
COD. (Sousa et al. 2013a; Luo et al. 2016). Wastewater can be adjusted to the optimum nutrient conditions, but it will not
be supportive of cost reduction and wastewater treatment. For example, 1 kg of algal biodiesel may require approximately
3500 kg of freshwater (Farooq et al. 2015; Feng et al. 2016); this quantity can be reduced to zero by using wastewater. In
this study, nutrient adjustment was not considered, and therefore, the amount of N and P was assumed uncontrollable.
Additionally, in this design, the systems for industrial wastes given in Table 1 were assumed to be supplied with flue gas
and wastewater where flue gas provides CO , NO , and SO .

4.  Algal cultivation design for Bangkok
The choice of microalgae species or cultivation system depends on several factors, i.e., geographic location, market price,
chemical composition, extraction technology of components, demand for microalgae-derived products, etc. In this study,
we considered only geographic location and potential usage. We selected Bangkok (the capital city of Thailand) as the
location for this study. Bangkok is located in a hot and humid region. Most of the year, the average air temperature and
relative humidity remain high. The mean dry bulb temperature of Bangkok ranges from 28.46 to 30.23 °C, and the relative
humidity is between 70 and 76% (Srisuwan and Shoichi 2017). The range of monthly mean sunshine hours is 3.58 to
9.55 h/day, and the range of monthly mean global solar radiation (GSR) is 5.64 to 22.53 MJ/m /day (Waewsak et al. 2014).
These conditions are suitable for the cultivation of C. vulgaris because the favorable temperature range for this species is
20 °C to 40 °C (Mayo 1997). This species has long been considered a source of protein and is now industrially produced
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for human food and animal feed (Liu and Chen 2014). It is also rich in oil and is an ideal feedstock for biofuels (Liu and
Chen 2014). Table 2 summarizes the optimum parameters of microalgae growth conditions.

Table 2

Optimum parameters for the cultivation of Chlorella vulgaris in open pond and PBR

Parameters Open pond PBR

Selection of
microalgae
species

Chlorella vulgaris (Mayo 1997; Cerón García et al. 2005;
Yeesang and Cheirsilp 2014)

Chlorella vulgaris (Mayo 1997; Cerón García et al.
2005; Yeesang and Cheirsilp 2014)

Temperature – 25 °C (Mitra et al. 2012)

pH – 7.5 (range 7–8) (Serra-Maia et al. 2016; Sakarika
and Kornaros 2016)

Depth Depths of 0.2–0.5 m (Liang et al. 2015) 0.2 m diameter (Xu et al. 2009)

Area The surface area of a single pond does not usually exceed
0.5 ha but can be more substantial. (Park et al. 2011) –

Length and
width Length/Width (of pond) = 10 or larger (Chisti 2016) –

Volume The surface-to-volume ratio is always 1/(culture depth in
the pond, m) (Park et al. 2011) –

Size and shape
Raceway configuration may be a single loop or multiple
loops around interior dividing walls. The pond bottom
may be either lined or unlined depending on soil
conditions and local regulations (Park et al. 2011)

The most common and popular types of closed
PBRs are annular, tubular, plastic bag system,
helical, airlift, pyramid, well system, flat plate,
column, vertical column, bubble column, stirred-
tank, immobilized bioreactors, rectangular tank, and
hybrid system. (Rachlin and Grosso 1991; Carvalho
et al. 2006)



Parameters Open pond PBR

Material –

Anything that can fill these requirements can be
PBR; possible materials can be silicate, glass,
polyethylene (PE), polyvinyl chloride (PVC),
polycarbonate (PC), and acrylic (Plexiglas, PMMA),
etc. (Rachlin and Grosso 1991; Carvalho et al. 2006)

Light color – LED white light (Posten 2012; Mohsenpour et al.
2012)

Light intensity – 60–100 μmol m  s  (Hultberg et al. 2014)

Light/dark cycle – 16:8 (Khoeyi et al. 2012; Kendirlioglu et al. 2015;
Khalili et al. 2015)

C concentration
Inorganic (bicarbonate): 1 g/l, organic C (glucose): 10–
20–30 g/l or 7.22 mM (milli molar), CO : 10% (Kong et
al. 20022011; De-Assunção 2015; Kendirlioglu et al.
2015; Sharma et al. 2016)

Inorganic (bicarbonate): 1 g/l, organic C (glucose):
20–30 g/l or 7.22 mM (milli molar), CO : 10%
(Kong et al. 20022011; De-Assunção 2015;
Kendirlioglu et al. 2015; Sharma et al. 2016)

C supply
procedure Batch (except CO ), Continuous (only CO ) Batch, continuous

N concentration Urea 0.75 g/l or 12.4 mM (Mokashi et al. 2016; Sharma et
al. 2016)

Urea 0.50 g/l or 12.4 mM (Mokashi et al. 2016;
Sharma et al. 2016)

N supply rate Batch Batch

P concentration N/P ratio 10 (Chisti 2013) N/P ratio 10 (Chisti 2013)

P supply rate Batch Batch

Mixing (by
aeration/stirring)

Mixing is normally provided by a paddlewheel to give a
mean horizontal water velocity of approximately 0.15–
0.3 m/s (Choi and Lee 2015)

0.05 vvm (night)–0.2 vvm (day) (Demirbas 2010)

Mixing time
interval and
duration

Continuous Continuous

−2 −1

2 2

2 2



Parameters Open pond PBR

O  degassing

Other than agitation by the paddlewheel, no oxygen
removal mechanism is used in a typical raceway. In some
cases, the culture may be sparged with air to control the
buildup of oxygen. Despite a high surface area relative to
the culture depth, the oxygen removal from raceway ponds
is inadequate (Shilton 2006; Park et al. 2011; Chisti 2016)

As low as possible, with O  degasser (Zannoni and
De Philippis 2014; Chen et al. 2015)

Inhibitors (SO ) 90–120 ppm (Sousa et al. 2013b) 90–120 ppm (Sousa et al. 2013b)

Inhibitors (NO ) 60 ppm (Crofcheck et al. 2013) 60 ppm (Crofcheck et al. 2013)

Although the optimum pH was 7.5, a reasonable growth rate and productivity were also found at pH values from 7 to 8.
Setting pH at constant 7.5 with an automatic pH controller would require additional capital, operation (mostly energy
consumption), and maintenance costs. However, maintaining the pH in a particular range (in this particular case, from 7 to
8) is easier because it can be done manually. Similarly, temperature control also costs money, and both the capital cost and
energy consumption are significantly higher than those of automatic pH controller equipment. If the ambient environmental
temperature is in a favorable range, temperature control is not required. However, the environmental temperature is subject
to weather and seasons; depending on geographic location, the temperature can deviate to values lower or higher than the
favorable range for a long time. In this particular situation, the installation of a temperature control system is necessary.
Considering the average weather, a temperature control system is not required in Bangkok. Maintaining light intensity and
light/dark cycles in indoor conditions is not difficult but maintaining the wavelength is difficult, especially in a laboratory.
The main reason is the lack of availability of inexpensive equipment for measuring and controlling the wavelength. But,
the range of wavelengths can be estimated by the light color because every color of light belongs to a specific range of
wavelengths. Choosing an appropriate light color for algal growth is a challenge. Hultberg et al. (2014) reported that the
maximum algal density was found with yellow light, followed by white and red light. However, Yan et al. (2013) reported
that the highest growth rate of C. vulgaris and nutrient removal efficiency from wastewater was found with red light,
followed by white and yellow light. Mohsenpour et al. (2012) reported that the maximum algal productivity was achieved
with violet, green, and orange light, followed by white light (33.3% less than maximum) and red light (66.7% less than
maximum). Wong (2016) reported that the maximum biomass growth and lipid production of C. vulgaris were obtained
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when cool white light was used. Another important factor is energy consumption. The energy consumption of yellow,
purple, green, and blue light is significantly higher than that of red and white light (Yan et al. 2013). In all the studies
mentioned above, white light did not always show the best result but was better than most of the other lights. Therefore, in
this design, white light is suggested.

Readily available, low-cost and durable transparent materials are preferred for the construction of PBRs. Initially, glass was
the material most commonly used to build PBRs. Glass is durable but expensive. Other potential materials are
polyethylene, polyvinyl chloride, polycarbonate, and acrylic (also known as Plexiglas or PMMA) (Posten 2012). Currently,
research is ongoing to explore the potentiality of plastic bags to be used as materials of PBRs because plastic bags are
cheap, readily available, and also reusing and recycling plastic materials will have a positive impact on nature and the
climate (Pagliolico et al. 2017; Huang et al. 2017). We report two examples, a freshwater outdoor PBR and indoor pond
with industrial waste, in Table 3, combining Tables 1 and 2.

Table 3

Design of C. vulgaris cultivation in freshwater outdoor PBR and indoor pond with industrial waste

Ranking Freshwater outdoor PBR Ranking Indoor pond with industrial wastes

0 Temperature (weather dependent) 0 pH (as provided)

0 Light color (depends on sun) 0 N concentration (as provided)

0 Light intensity (depends on the sun) 0 N supply procedure (comes with
wastewater)

0 Light/dark cycle (depends on sun) 0 P concentration (as provided)

1 Microalgae species—Chlorella vulgaris 0 P supply procedure (comes with
wastewater)

2 pH-7.5 1 Microalgae species—Chlorella vulgaris

3 Materials of construction—any material that is transparent, durable
and low cost 2 Temperature-25 °C



Ranking Freshwater outdoor PBR Ranking Indoor pond with industrial wastes

4 Size and shape—Any size like annular, tubular, plastic bag system,
helical, airlift, pyramid, etc. that can suit the overall process 3

Size and shape—Table 3 for depth,
area, length, width, volume and shape
of the pond

5 Concentration of C—Inorganic (bicarbonate): 1 g/l, organic C
(glucose): 20–30 g/l 4 Light color—LED white light

6 C supply procedure—batch 5 Light intensity—60–100 μmol m  s

5 Concentration of N—urea 0.50 g/l 6 Light/dark cycle—16/8

6 N supply procedure—batch 7 The concentration of C—10% CO

5 Concentration of P–N/P ratio 10 8 C supply procedure—continuous

6 P supply procedure—batch 9 The concentration of NO  and SO :
60 ppm and 90–120 ppm

7 Mixing technique—aeration [0.05 vvm (night)–0.2 vvm (day)] 10 Mixing technique—mechanical
mixing/agitation

8 Mixing time interval—continuous 11 Mixing time interval—continuous

9 O  degassing—any low-cost method   

5.  Simulation and mathematical model

5.1.  Algal growth

Monod’s model calculates values for every medium in the same way. If the medium has a vast nutrient content, it will show
a tremendous growth rate, as reflected in Tables 4 and 5, which show unusually high productivity in swine feedlot media
because of the high availability of N and P. In physical experiments, the growth rate shows a positive correlation with
nutrient availability below the optimum level. Beyond the optimum level, the additional nutrients not taken up by
microalgae need to be recycled or treated. Therefore, Monod’s model remains valid up to the optimum nutrient level.

−2 −1

2

x x

2



Studies have found that the maximum algal biomass density, growth rate, and productivity obtained in open freshwater
ponds were 0.3–1.0 g/l, 0.10–0.25 day , and 0.075–0.1 g/l/day, respectively, and those in freshwater PBRs were 1.0–
2.0 g/l, 0.14–0.5 day , and 0.28–0.5 g/l/day (Tahir 2014; Whitton et al. 2015); these values are higher than our simulation
results. Similarly, in some studies in both open and closed systems, the wastewater algal density, growth rate, and
productivity were higher than those in our study (Lim et al. 2010). Both in the literature and in our simulation, PBRs
always showed better performance, and the growth parameters in freshwater were higher than those in wastewater (except
swine feedlot wastewater). Many laboratories use modern and complicated cultivation techniques and designs of open
ponds or PBRs that are impossible to use in simulation, which was the main reason for the difference between our results
and experimental results. Nevertheless, our results were close to those experimental results. In a freshwater system, N and
P are provided in a balanced proportion, so maximum productivity was assumed. On the other hand, a wastewater system
does not provide a balanced N/P ratio, which negatively affects algal growth. Rasdi and Qin (2015) reported that the
biochemical composition depends on the N/P ratio (Rasdi and Qin 2015). However, Choi and Lee (2015) reported that no
strong correlation was found between total nitrogen removal and algal growth but the removal of total phosphorus was
strongly correlated with the N/P ratio and algal productivity.

Table 4

Algal cultivation simulation in open ponds and PBRs with freshwater and several wastewaters

Type of culture
medium

Open ponds PBRs

Growth rate
(day )

Max. algal
density (g/l)

Productivity
(g/l/day)

Growth rate
(day )

Max. algal
density (g/l)

Productivity
(g/l/day)

Freshwater 0.096 0.398 0.0381 0.405 0.509 0.2064

Domestic
wastewater 0.066 0.154 0.0102 0.120 0.2 0.0240

Poultry feedlot 0.009 1.3 0.0114 0.065 1.681 0.1099

Swine feedlot 0.002 8.4 0.0199 0.064 10.852 0.6978

Paper mill 0.010 0.0156 0.0002 0.016 0.02 0.0003

−1

−1
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Type of culture
medium

Open ponds PBRs

Growth rate
(day )

Max. algal
density (g/l)

Productivity
(g/l/day)

Growth rate
(day )

Max. algal
density (g/l)

Productivity
(g/l/day)

Tannery
wastewater 0.017 0.351 0.0060 0.066 0.454 0.0300

Table 5

N and P removal efficiency of algal cultivation systems in open ponds and PBRs with different types of wastewater

Type of culture medium
CO  fixation (%) N removal (%) P removal (%)

PBR Open pond PBR Open pond PBR

Domestic wastewater 0.11 70.0 90.0 51.9 66.7

Poultry feedlot 0.81 29.4 37.8 70.0 90.0

Swine feedlot 5.14 62.9 80.9 70.0 90.0

Paper mill 0.03 25.6 33.0 70.0 90.0

Tannery wastewater 0.23 70.0 90.0 45.0 57.8

5.2.  Bioremediation

A total of 90% of the limiting nutrients was consumed in the closed system, and 70% was consumed in the open system.
The other components were consumed based on the N/P ratio in wastewater and the stoichiometric reaction given in
Eqs. (7) and (8). Several studies report that N and P removals of 54–95% and 40–98%, respectively, were achieved in open
ponds (Goldman et al. 1974; Wrigley and Toerien 1990; Aziz and Ng 1992; Cromar et al. 1992, 1996; Delrue et al. 2016;
Brar et al. 2017; Lian et al. 2018) and removals of 56–99% and 55–97%, respectively, were achieved in closed systems

−1 −1

2



(Lau et al. 1995; González et al. 1997; Marin et al. 2010; Kim et al. 2010). The simulation results (including CO  fixation)
will change with the conversion efficiency of the limiting reactants.
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Moreover, in the simulation, bioremediation stops when the algal density reaches a maximum (indicated as C in Fig. 5).
The simulation results do not show the algal growth pattern, which includes the lag phase, growth phase, stationary phase,
and death phase, as shown in Fig. 5. However, in practice, algal cell replication continues after reaching the maximum
density indicating continuous nutrient uptake. Many laboratory experiments continued cultivation after achieving the
highest biomass density, which is a reason the experimental results showed a higher bioremediation efficiency than our
simulation.

Fig. 5

Schematic growth trend of microalgae (OB—lag phase, BC—growth phase, CD—stationary phase, DE—death phase; OA—
maximum algal density)

2



5.3.  CO  biofixation

The CO  fixation efficiency found in the simulation was very low. One report suggests a negative relationship between
CO  concentration and CO  biofixation with microalgae: the maximum CO  biofixation efficiency with C. vulgaris was
55% with a 0.25% concentration of CO . However, with a 3% CO  concentration, the biofixation rate was minimal,
approximately 1% (Cheng et al. 2006), even though this value was higher than our result (Fig. 6). In this study, we

2

2

2 2 2

2 2



considered only the CO  removal percentage, not the CO  removal rate. Singh et al. (2015) reported that when the
percentage of CO  increases, the rate of CO  fixation also increases.

Fig. 6

Comparison of CO  biofixation capacity of C. vulgaris between values obtained in this study and found in the literature

2 2

2 2
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6.  Conclusion
This article underlines the characteristics of the design steps/parameters of different types of batch algal cultivation
processes and their ranking. In designs for various algal cultivation conditions, we recommended specific sequences of
steps. These designs will be especially helpful to achieve the optimum growth of an algal species that has not undergone
experimentation to study the optimum values of the parameters. Fertilizers and chemicals are selected for freshwater
systems, where optimum nutrient ratios, such as a N/P ratio of 10:1, can be easily implemented, which is not possible for
wastewater. However, wastewater from any source can be used to provide enough N and P. CO  can also be employed with
freshwater. Biogas, producer gas, and even natural gas can also be used as sources of C because unwanted CO , which
accounts for 30–60% of these energy sources, needs to be removed to increase the energy content per unit. The integration
of an algal cultivation system can be an innovative approach to remove CO . Based on the availability of raw material and
the suitability, the implementation of any combination serving the purpose effectively is possible.

Because of the lack of empirical constants for C. vulgaris, we used simple formulas from Monod’s model. Additionally,
Monod’s model and SuperPro Designer do not take into account pH; for instance, both of them show the same result at pH
6.0 and pH 9.5, which is highly unlikely. Similarly, light intensity cannot be adjusted in SuperPro Designer. Simulation of
the two hybrid conditions mentioned in Table 1—indoor pond and outdoor PBR—was not possible for these reasons
because SuperPro Designer only allows simulation with open ponds and PBRs. While the algal growth and bioremediation
results support almost 100% of the literature data, the calculated CO  biofixation was only 15% of the highest biofixation
found in the literature. Therefore, we conclude that Monod’s model and SuperPro Designer software can be considered for
algal growth and bioremediation but are not recommended for CO  biofixation.
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7.  Appendix
Maximum specific growth rates of the limiting nutrients:

For light intensity, µ  = 0.96 day  (Sasi et al. 2011)

For nitrogen, µ  = 0.225 day  (Aslan and Kapdan 2006)

For phosphorus, µ  = 0.07 day  (Aslan and Kapdan 2006)

For carbon, µ  = 0.168 day  (Novak and Brune 1985)

Half saturation constants of the limiting nutrients:

For light intensity, K  = 12.852 μ mol m  s  (Sasi et al. 2011)

For nitrogen, K  = 31.5 mg l  (Aslan and Kapdan 2006)

For phosphorus, K  = 10.5 mg l  (Aslan and Kapdan 2006)

For carbon, K  = 0.26 mg l  (Novak and Brune 1985)

The equation of light intensity is applicable for light intensity 0–550 μ mol m  s  (Chae et al. 2006). Irradiance units
were converted to μmol m  s  according to the guidelines of Thimijan and Heins (1983) (Thimijan and Heins 1983).

V  = 24.465 l mol  (at 25 °C and 1 atm molar volume of the gas).

References

mI
−1

mN
−1

mP
−1

mC
−1

I
−2 −1

N
−1

P
−1

C
−1

−2 −1

−2 −1

m
−1



Anderson DM, Morel FMM (1978) Copper sensitivity of Gonyaulax tamarensis. Limnol Oceanogr 23:283–295.
https://doi.org/10.4319/lo.1978.23.2.0283

Asiedu A, Ben S, Resurreccion E, Kumar S (2018) Techno-economic analysis of protein concentrate produced by flash
hydrolysis of microalgae. Environ Prog Sustain Energy 37:881–890. https://doi.org/10.1002/ep.12722

Aslan S, Kapdan IK (2006) Batch kinetics of nitrogen and phosphorus removal from synthetic wastewater by algae.
Ecol Eng 28:64–70. https://doi.org/10.1016/j.ecoleng.2006.04.003

Aziz MA, Ng WJ (1992) Feasibility of wastewater treatment using the activated-algae process. Bioresour Technol
40:205–208. https://doi.org/10.1016/0960-8524(92)90143-l

Azov Y (1982) Effect of pH on inorganic carbon uptake in algal cultures. Appl Environ Microbiol 43:1300–1306

Bajpai R, Prokop A, Zappi M (eds) (2014) Algal Biorefineries. Springer, Netherlands, Dordrecht

Bishop WM, Zubeck HM (2012) Evaluation of microalgae for use as nutraceuticals and nutritional supplements. J Nutr
Food Sci 2:1–6. https://doi.org/10.4172/2155-9600.1000147

Boatman TG, Mangan NM, Lawson T, Geider RJ (2018) Inorganic carbon and pH dependency of photosynthetic rates in
Trichodesmium. J Exp Bot 69:3651–3660. https://doi.org/10.1093/jxb/ery141

Brar A, Kumar M, Vivekanand V, Pareek N (2017) Photoautotrophic microorganisms and bioremediation of industrial
effluents: current status and future prospects. 3 Biotech 7:18. https://doi.org/10.1007/s13205-017-0600-5

Buggeln RG (1983) Algal biology: a physiological approach. Phycologia 22:457–458. https://doi.org/10.2216/i0031-
8884-22-4-457.1

Buriew JS (1953) Algal culture: from laboratory to pilot plant. Carnegie Institution of Washington, Washington



AQ4

Carvalho AP, Meireles LA, Malcata FX (2006) Microalgal reactors: a review of enclosed system designs and
performances. Biotechnol Prog 22:1490–1506. https://doi.org/10.1021/bp060065r

Cerón García MC, Sánchez Mirón A, Fernández Sevilla JM et al (2005) Mixotrophic growth of the microalga
Phaeodactylum tricornutum: influence of different nitrogen and organic carbon sources on productivity and biomass
composition. Process Biochem 40:297–305. https://doi.org/10.1016/j.procbio.2004.01.016

Chae SR, Hwang EJ, Shin HS (2006) Single cell protein production of Euglena gracilis and carbon dioxide fixation in
an innovative photo-bioreactor. Bioresour Technol 97:322–329. https://doi.org/10.1016/j.biortech.2005.02.037

Chen CY, Durbin EG (1994) Effects of pH on the growth and carbon uptake of marine phytoplankton. Mar Ecol Prog
Ser 109:83–94. https://doi.org/10.3354/meps109083

Chen P, Min M, Chen Y et al (2010) Review of biological and engineering aspects of algae to fuels approach. Int J
Agric Biol Eng 2:1–30. https://doi.org/10.25165/ijabe.v2i4.200

Chen CY, Lee PJ, Tan CH et al (2015) Improving protein production of indigenous microalga Chlorella vulgaris FSP-E
by photobioreactor design and cultivation strategies. Wiley, New York

Cheng L, Zhang L, Chen H, Gao C (2006) Carbon dioxide removal from air by microalgae cultured in a membrane-
photobioreactor. Sep Purif Technol 50:324–329. https://doi.org/10.1016/j.seppur.2005.12.006

Chisti Y (2013) Raceways-based production of algal crude oil. In: Green. De Gruyter, pp 195–216
AQ5

Chisti Y (2016) Large-scale production of algal biomass: raceway ponds. Springer, Cham, pp 21–40



Choi HJ, Lee SM (2015) Effect of the N/P ratio on biomass productivity and nutrient removal from municipal
wastewater. Bioprocess Biosyst Eng 38:761–766. https://doi.org/10.1007/s00449-014-1317-z

Christenson L, Sims R (2011) Production and harvesting of microalgae for wastewater treatment, biofuels, and
bioproducts. Biotechnol Adv 29:686–702. https://doi.org/10.1016/j.biotechadv.2011.05.015

Couto EA, Calijuri ML, Assemany PP, Souza MHB (2018) Effect of depth of high-rate ponds on the assimilation of CO
by microalgae cultivated in domestic sewage. Environ Technol 39:2653–2661.
https://doi.org/10.1080/09593330.2017.1364302

Crofcheck C, Shea A, Montross M et al (2013) Influence of flue gas components on the growth rate of Chlorella
vulgaris and Scenedesmus acutus. Biosyst Agric Eng Fac Publ 29:1421–1429. https://doi.org/10.13031/trans.56.10094

Cromar NJ, Martin NJ, Christofi N et al (1992) Determination of nitrogen and phosphorus partitioning within
components of the biomass in a high rate algal pond: significance for the coastal environment of the treated effluent
discharge. Water Sci Technol 25:207–214. https://doi.org/10.2166/wst.1992.0352

Cromar NJ, Fallowfield HJ, Martin NJ (1996) Influence of environmental parameters on biomass production and
nutrient removal in a high rate algal pond operated by continuous culture. Water Sci Technol 34:133–140.
https://doi.org/10.1016/s0273-1223(96)00830-x

Dalrymple OK, Halfhide T, Udom I et al (2013) Wastewater use in algae production for generation of renewable
resources: a review and preliminary results. Aquat Biosyst 9:2. https://doi.org/10.1186/2046-9063-9-2

De-Assunção JML (2015) Chlorella protothecoides microalgae growth and evaluation of its biomass. Instituto Superior
Técnico

2



De-Godos I, Muñoz R, Guieysse B (2012) Tetracycline removal during wastewater treatment in high-rate algal ponds. J
Hazard Mater 229–230:446–449. https://doi.org/10.1016/j.jhazmat.2012.05.106

Delrue F, Álvarez-Díaz PD, Fon-Sing S et al (2016) The environmental biorefinery: using microalgae to remediate
wastewater, a win-win paradigm. Energies 9:1–19. https://doi.org/10.3390/en9030132

Demirbas A (2010) Use of algae as biofuel sources. Energy Convers Manag 51:2738–2749.
https://doi.org/10.1016/j.enconman.2010.06.010

Ende DJA (2010) Chemical engineering in the pharmaceutical industry: R & D to manufacturing. Wiley, New York.
https://doi.org/10.1002/9780470882221

Farooq W, Suh WI, Park MS (2015) Water use and its recycling in microalgae cultivation for biofuel application.
Bioresour Technol 184:73–81. https://doi.org/10.1016/j.biortech.2014.10.140

Feng PZ, Zhu LD, Qin XX, Li ZH (2016) Water footprint of biodiesel production from microalgae cultivated in
photobioreactors. J Environ Eng 142:04016067. https://doi.org/10.1061/(asce)ee.1943-7870.0001150

Flynn KJ, Kenny P, Mitra A (2017) Minimising losses to predation during microalgae cultivation. J Appl Phycol
29:1829–1840. https://doi.org/10.1007/s10811-017-1112-8

Geider R, La-Roche J (2002) Redfield revisited: variability of C:N: P in marine microalgae and its biochemical basis.
Eur J Phycol 37:1–17. https://doi.org/10.1017/s0967026201003456

Gensemer RW, Smith REH, Duthie HC (1993) Comparative effects of pH and aluminium on silica-limited growth and
nutrient uptake in Asterionella Ralfsii var. Americana (Bacillariophyceae)1. J Phycol 29:36–44.
https://doi.org/10.1111/j.1529-8817.1993.tb00277.x



Goldman JC, Shapiro J (1973) Carbon dioxide and pH: effect on species succession of algae. Science (80-) 182:306–
307. https://doi.org/10.1126/science.182.4109.306

Goldman JC, Tenore KR, Ryther JH, Corwin N (1974) Inorganic nitrogen removal in a combined tertiary treatment—
marine aquaculture system—I. Removal efficiences. Water Res 8:45–54. https://doi.org/10.1016/0043-1354(74)90007-4

Goldman JC, Azov Y, Riley CB, Dennett MR (1982) The effect of pH in intensive microalgal cultures. I. Biomass
regulation. J Exp Mar Biol Ecol 57:1–13. https://doi.org/10.1016/0022-0981(82)90140-x

González LE, Cañizares RO, Baena S (1997) Efficiency of ammonia and phosphorus removal from a colombian
agroindustrial wastewater by the microalgae Chlorella vulgaris and Scenedesmus dimorphus. Bioresour Technol
60:259–262. https://doi.org/10.1016/s0960-8524(97)00029-1

Guo X, Yao L, Huang Q (2015) Aeration and mass transfer optimization in a rectangular airlift loop photobioreactor for
the production of microalgae. Bioresour Technol 190:189–195. https://doi.org/10.1016/j.biortech.2015.04.077

Harris GP (1987) Phytoplankton ecology: structure, function and fluctuation. Springer, Dordrecht

Harun R, Singh M, Forde GM, Danquah MK (2010) Bioprocess engineering of microalgae to produce a variety of
consumer products. Renew Sustain Energy Rev 14:1037–1047. https://doi.org/10.1016/j.rser.2009.11.004

Hessen DO, Færøvig PJ, Andersen T (2002) Light, nutrients, and P: C ratios in algae: grazer performance related to
food quality and quantity. Ecology 83:1886–1898. https://doi.org/10.1890/0012-
9658(2002)083%5b1886:lnapcr%5d2.0.co;2

Hillebrand H, Sommer U (1999) The nutrient stoichiometry of benthic microalgal growth: redfield proportions are
optimal. Limnol Oceanogr 44:440–446. https://doi.org/10.4319/lo.1999.44.2.0440

Hope AB, Walker NA (1976) The physiology of giant algal cells. Q Rev Biol 51:133. https://doi.org/10.1086/409138



Huang Q, Jiang F, Wang L, Yang C (2017) Design of photobioreactors for mass cultivation of photosynthetic organisms.
Engineering 3:318–329. https://doi.org/10.1016/j.eng.2017.03.020

Hultberg M, Jönsson HL, Bergstrand K-J, Carlsson AS (2014) Impact of light quality on biomass production and fatty
acid content in the microalga Chlorella vulgaris. Bioresour Technol 159:465–467.
https://doi.org/10.1016/j.biortech.2014.03.092

Ismaiel MMS, El-Ayouty YM, Piercey-Normore M (2016) Role of pH on antioxidants production by Spirulina
(Arthrospira) platensis. Braz J Microbiol 47:298–304. https://doi.org/10.1016/j.bjm.2016.01.003

Jalalizadeh M (2012) Development of an integrated process model for algae growth in a photobioreactor. University of
South Florida

Juneja A, Ceballos R, Murthy G et al (2013) Effects of environmental factors and nutrient availability on the
biochemical composition of algae for biofuels production: a review. Energies 6:4607–4638.
https://doi.org/10.3390/en6094607

Kendirlioglu G, Agirman N, Cetin AK (2015) The effects of photoperiod on the growth, protein amount and pigment
content of Chlorella vulgaris. Turk J Sci Technol 10:7–10

Khalili A, Najafpour GD, Amini G, Samkhaniyani F (2015) Influence of nutrients and LED light intensities on biomass
production of microalgae Chlorella vulgaris. Biotechnol Bioprocess Eng 20:284–290. https://doi.org/10.1007/s12257-
013-0845-8

Khoeyi AZ, Seyfabadi J, Ramezanpour Z (2012) Effect of light intensity and photoperiod on biomass and fatty acid
composition of the microalgae, Chlorella vulgaris. Aquac Int 20:41–49. https://doi.org/10.1007/s10499-011-9440-1



Kim J, Lingaraju BP, Rheaume R et al (2010) Removal of ammonia from wastewater effluent by Chlorella Vulgaris.
Tsinghua Sci Technol 15:391–396. https://doi.org/10.1016/s1007-0214(10)70078-x

Kong W, Song H, Cao Y et al (2002) Afr J Biotechnol. Academic Journals

Konopka A, Brock TD (1978) Effect of temperature on blue-green algae (cyanobacteria) in lake mendota. Appl Environ
Microbiol 36:572–576

Lau P, Tam NF, Wong Y (1995) Effect of algal density on nutrient removal from primary settled wastewater. Environ
Pollut 89:59–66. https://doi.org/10.1016/0269-7491(94)00044-e

Laws EA, Bannister TT (1980) Nutrient- and light-limited growth of Thalassiosira fluviatilis in continuous culture, with
implications for phytoplankton growth in the ocean 1. Limnol Oceanogr 25:457–473.
https://doi.org/10.4319/lo.1980.25.3.0457

Lian J, Wijffels RH, Smidt H, Sipkema D (2018) The effect of the algal microbiome on industrial production of
microalgae. Microb Biotechnol 11:806–818. https://doi.org/10.1111/1751-7915.13296

Liang Y, Kashdan T, Sterner C et al (2015) Algal biorefineries. In: Industrial biorefineries & white biotechnology.
Elsevier, pp 35–90

Lim S-L, Chu W-L, Phang S-M (2010) Use of Chlorella vulgaris for bioremediation of textile wastewater. Bioresour
Technol 101:7314–7322. https://doi.org/10.1016/j.biortech.2010.04.092

Liu J, Chen F (2014) Biology and industrial applications of chlorella: advances and prospects. Springer, Cham, pp 1–35

Luiten EEM, Akkerman I, Koulman A et al (2003) Realizing the promises of marine biotechnology. Biomol Eng
20:429–439. https://doi.org/10.1016/s1389-0344(03)00074-1



Luo Y, Le-Clech P, Henderson RK (2016) Simultaneous microalgae cultivation and wastewater treatment in submerged
membrane photobioreactors: a review. Algal Res 24:425–437. https://doi.org/10.1016/j.algal.2016.10.026

Mankad T, Bungay HR (1988) Model for microbial growth with more than one limiting nutrient. J Biotechnol 7:161–
166. https://doi.org/10.1016/0168-1656(88)90062-4

Markou G, Vandamme D, Muylaert K (2014) Microalgal and cyanobacterial cultivation: the supply of nutrients. Water
Res 65:186–202. https://doi.org/10.1016/j.watres.2014.07.025

Mayo AW (1997) Effects of temperature and pH on the kinetic growth of unialga Chlorella vulgaris cultures containing
bacteria. Water Environ Res 69:64–72. https://doi.org/10.2307/25044843

Mitra D, van Leeuwen J, Lamsal B (2012) Heterotrophic/mixotrophic cultivation of oleaginous Chlorella vulgaris on
industrial co-products. Algal Res 1:40–48. https://doi.org/10.1016/j.algal.2012.03.002

Mohsenpour SF, Richards B, Willoughby N (2012) Spectral conversion of light for enhanced microalgae growth rates
and photosynthetic pigment production. Bioresour Technol 125:75–81. https://doi.org/10.1016/j.biortech.2012.08.072

Mokashi K, Shetty V, George SA, Sibi G (2016) Sodium bicarbonate as inorganic carbon source for higher biomass and
lipid production integrated carbon capture in Chlorella vulgaris. Achiev Life Sci 10:111–117.
https://doi.org/10.1016/j.als.2016.05.011

Monod J (1949) The growth of bacterial cultures. Annu Rev Microbiol 3:371–394.
https://doi.org/10.1146/annurev.mi.03.100149.002103

Morales M, Sánchez L, Revah S (2018) The impact of environmental factors on carbon dioxide fixation by microalgae.
FEMS Microbiol Lett. https://doi.org/10.1093/femsle/fnx262



Novak JT, Brune DE (1985) Inorganic carbon limited growth kinetics of some freshwater algae. Water Res 19:215–225.
https://doi.org/10.1016/0043-1354(85)90203-9

Novoveská L, Zapata AKM, Zabolotney JB et al (2016) Optimizing microalgae cultivation and wastewater treatment in
large-scale offshore photobioreactors. Algal Res 18:86–94. https://doi.org/10.1016/j.algal.2016.05.033

Pagliolico SL, Lo Verso VRM, Bosco F et al (2017) A novel photo-bioreactor application for microalgae production as a
shading system in buildings. Energy Procedia 111:151–160. https://doi.org/10.1016/j.egypro.2017.03.017

Pahlow M (2005) Linking chlorophyll-nutrient dynamics to the RedÞeld N: C ratio with a model of optimal
phytoplankton growth. Mar Ecol Prog Ser 287:33–43. https://doi.org/10.3354/meps287033

Park JBK, Craggs RJ, Shilton AN (2011) Recycling algae to improve species control and harvest efficiency from a high
rate algal pond. Water Res 45:6637–6649. https://doi.org/10.1016/j.watres.2011.09.042

Pham HM, Kwak HS, Hong M-E et al (2017) Development of an X-Shape airlift photobioreactor for increasing algal
biomass and biodiesel production. Bioresour Technol 239:211–218. https://doi.org/10.1016/j.biortech.2017.05.030

Posten C (2012) Design and performance parameters of photobioreactors

Qiu Y (2014) Economic and life cycle assessment of biomass liquefaction technology. The University of Georgia

Rachlin JW, Grosso A (1991) The effects of pH on the growth of Chlorella vulgaris and its interactions with cadmium
toxicity. Arch Environ Contam Toxicol 20:505–508. https://doi.org/10.1007/bf01065839

Ras M, Steyer JP, Bernard O (2013) Temperature effect on microalgae: a crucial factor for outdoor production. Rev
Environ Sci Bio Technol 12:153–164. https://doi.org/10.1007/s11157-013-9310-6



Rasdi NW, Qin JG (2015) Effect of N: P ratio on growth and chemical composition of Nannochloropsis oculata and
Tisochrysis lutea. J Appl Phycol 27:2221–2230. https://doi.org/10.1007/s10811-014-0495-z

Raven JA, Geider RJ (1988) Temperature and algal growth. New Phytol 110:441–461. https://doi.org/10.1111/j.1469-
8137.1988.tb00282.x

Renaud SM, Thinh LV, Lambrinidis G, Parry DL (2002) Effect of temperature on growth, chemical composition and
fatty acid composition of tropical Australian microalgae grown in batch cultures. Aquaculture 211:195–214.
https://doi.org/10.1016/s0044-8486(01)00875-4

Rhee GY (1982) Effects of environmental factors and their interactions on phytoplankton growth. Springer, Boston, pp
33–74

Rotatore C, Colman B (1991) The acquisition and accumulation of inorganic carbon by the unicellular green alga
Chlorella ellipsoidea. Plant, Cell Environ 14:377–382. https://doi.org/10.1111/j.1365-3040.1991.tb00946.x

Marin RA, Espinosa MLG, Stephenson T (2010) Growth and nutrient removal in free and immobilized green algae in
batch and semi-continuous cultures treating real wastewater. Bioresour Technol 101:58–64.
https://doi.org/10.1016/j.biortech.2009.02.076

Sakarika M, Kornaros M (2016) Effect of pH on growth and lipid accumulation kinetics of the microalga Chlorella
vulgaris grown heterotrophically under sulfur limitation. Bioresour Technol 219:694–701.
https://doi.org/10.1016/j.biortech.2016.08.033

Sarker NK (2016) Theoretical effect of concentration, circulation rate, stages, pressure and temperature of single amine
and amine mixture solvents on gas sweetening performance. Egypt J Pet 25:343–354.
https://doi.org/10.1016/j.ejpe.2015.08.004



Sarker NK, Salam PA (2019) Indoor and outdoor cultivation of Chlorella vulgaris and its application in wastewater
treatment in a tropical city—Bangkok, Thailand. SN Appl Sci 1:1645. https://doi.org/10.1007/s42452-019-1704-9

Sarker NK, Sarkar S (2018) A comparative study on cost analysis, efficiency, and process mechanism of effluent
treatment plants in Bangladesh. Environ Qual Manag 27:127–133. https://doi.org/10.1002/tqem.21533

Sasi D, Mitra P, Vigueras A, Hill GA (2011) Growth kinetics and lipid production using Chlorella vulgaris in a
circulating loop photobioreactor. J Chem Technol Biotechnol 86:875–880. https://doi.org/10.1002/jctb.2603

Sayre R (2010) Microalgae: the potential for carbon capture. Bioscience 60:722–727.
https://doi.org/10.1525/bio.2010.60.9.9

Serra-Maia R, Bernard O, Gonçalves A et al (2016) Influence of temperature on Chlorella vulgaris growth and mortality
rates in a photobioreactor. Algal Res 18:352–359. https://doi.org/10.1016/j.algal.2016.06.016

Sharma AK, Sahoo PK, Singhal S, Patel A (2016) Impact of various media and organic carbon sources on biofuel
production potential from Chlorella spp. 3 Biotech 6:116. https://doi.org/10.1007/s13205-016-0434-6

Shashirekha V, Sivakumar M, Seshadri S (2016) Effective C–N–P ratio for growth and nutrient removal efficiency of
Scenedesmus obliquus in sugar mill effluent. Energy Ecol Environ 1:283–295. https://doi.org/10.1007/s40974-016-
0040-9

Shihady S (2014) Treatment of nitrogen oxides by Chlorella vulgaris algae in photobioreactors. California Polytechnic
State University

Shilton A (2006) Pond treatment technology. IWA Publishing

Singh D, Yadav K, Deepshikha Singh RS (2015) Biofixation of carbon dioxide using mixed culture of microalgae.
Indian J Biotechnol 14:228–232



Skau LF, Andersen T, Thrane J-E, Hessen DO (2017) Growth, stoichiometry and cell size; temperature and nutrient
responses in haptophytes. PeerJ 5:e3743. https://doi.org/10.7717/peerj.3743

Slade R, Bauen A (2013) Micro-algae cultivation for biofuels: cost, energy balance, environmental impacts and future
prospects. Biomass Bioenergy 53:29–38. https://doi.org/10.1016/j.biombioe.2012.12.019

Sousa C, Compadre A, Vermuë MH, Wijffels RH (2013a) Effect of oxygen at low and high light intensities on the
growth of Neochloris oleoabundans. Algal Res 2:122–126. https://doi.org/10.1016/j.algal.2013.01.007

Sousa C, Valev D, Vermuë MH, Wijffels RH (2013b) Effect of dynamic oxygen concentrations on the growth of
Neochloris oleoabundans at sub-saturating light conditions. Bioresour Technol 142:95–100.
https://doi.org/10.1016/j.biortech.2013.05.041

Spilling K, Ylöstalo P, Simis S, Seppälä J (2015) Interaction effects of light, temperature and nutrient limitations (N, P
and Si) on growth, stoichiometry and photosynthetic parameters of the cold-water diatom Chaetoceros wighamii. PLoS
ONE 10:e0126308. https://doi.org/10.1371/journal.pone.0126308

Spolaore P, Joannis-Cassan C, Duran E, Isambert A (2006) Commercial applications of microalgae. J Biosci Bioeng
101:87–96. https://doi.org/10.1263/jbb.101.87

Srisuwan P, Shoichi K (2017) Field investigation on indoor thermal environment of a high-rise condominium in hot-
humid climate of Bangkok, Thailand. Procedia Eng 180:1754–1762. https://doi.org/10.1016/j.proeng.2017.04.338

Stumm W, Morgan JJ (1996) Aquatic chemistry: chemical equilibria and rates in natural waters. Wiley, New York

Sunda W (1975) The relationship between cupric ion activity and the toxicity of copper to phytoplankton.
Massachusetts Institute of Technology and Woods Hole Oceanographic Institution, Woods Hole



Tahir S (2014) Raceway-based production of microalgae for possible use in making biodiesel: a thesis presented in
partial fulfilment of the requirements for the degree of Doctor of Philosophy in Biotechnology at Massey University,
Palmerston North, New Zealand. Massey University

Thimijan RW, Heins RD (1983) Photometric, radiometric, and quantum light units of measure: a review. HortScience
18:818–822

Vonshak A, Torzillo G (2003) Environmental stress physiology. In: Handbook of microalgal culture. Blackwell
Publishing Ltd, Oxford, pp 57–82

AQ6

Waewsak J, Chancham C, Mani M, Gagnon Y (2014) Estimation of monthly mean daily global solar radiation over
Bangkok, Thailand using artificial neural networks. Energy Procedia 57:1160–1168.
https://doi.org/10.1016/j.egypro.2014.10.103

WGR (2018) Global algae products market: 2018–2025

Whitton R, Ometto F, Pidou M et al (2015) Microalgae for municipal wastewater nutrient remediation: mechanisms,
reactors and outlook for tertiary treatment. Environ Technol Rev 4:133–148.
https://doi.org/10.1080/21622515.2015.1105308

Wong Y (2016) Effect of different light sources on algal biomass and lipid production in internal leds-illuminated
photobioreactor. J Mar Biol Aquac 2:1–8. https://doi.org/10.15436/2381-0750.16.1082

Wrigley TJ, Toerien DF (1990) Limnological aspects of small sewage ponds. Water Res 24:83–90.
https://doi.org/10.1016/0043-1354(90)90068-h



Xu L, Weathers PJ, Xiong XR, Liu CZ (2009) Microalgal bioreactors: challenges and opportunities. Eng Life Sci 9:178–
189. https://doi.org/10.1002/elsc.200800111

Xu Y, Ibrahim IM, Harvey PJ (2016) The influence of photoperiod and light intensity on the growth and photosynthesis
of Dunaliella salina (chlorophyta) CCAP 19/30. Plant Physiol Biochem 106:305–315.
https://doi.org/10.1016/j.plaphy.2016.05.021

Yan C, Zhao Y, Zheng Z, Luo X (2013) Effects of various LED light wavelengths and light intensity supply strategies
on synthetic high-strength wastewater purification by Chlorella vulgaris. Biodegradation 24:721–732.
https://doi.org/10.1007/s10532-013-9620-y

Yeesang C, Cheirsilp B (2014) Low-cost production of green microalga Botryococcus braunii biomass with high lipid
content through mixotrophic and photoautotrophic cultivation. Appl Biochem Biotechnol 174:116–129.
https://doi.org/10.1007/s12010-014-1041-9

Zannoni D, De Philippis R (eds) (2014) Microbial bioenergy: hydrogen production. Springer, Netherlands


