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Abstract

Microalgae are useful for the mitigation of carbon from point source CO, emission flue gases. The main aim of this work
was to maximize the growth of microalgae Chlorella vulgaris in a pilot scale photobioreactor as well as CO, and nutrient
removal. Chlorella vulgaris was cultured in three bubble column photobioreactors with the working volumes of 4, 9.6 and
16 L and CO, concentration of power plant flue gas (ranging from 0.04 to 15%), flow rate from 50 to 150 mL min~! and the
diameter of the photobioreactors were considered as study parameters. Optimal condition observed was for the reactor with
the diameter of 10.5 cm, CO, concentration of 7.5% and flowrate of 100 mL min~! with the maximum cell concentration and
average CO, removal of 3.63 g. L™! and 91.7%, respectively. Besides, total phosphorus removal of 100% and total nitrogen
removal efficiency in the range of 81.5-94.1% observed for all the experiments which demonstrated a desirable design of
bioreactors with high mixing efficiency. Finally, the effects of different studied parameters on the biomass concentration were
predicted by Artificial Neural Network (ANN) and Support Vector Regression (SVR) methods. The Levenberg—Marquardt
algorithm and Gaussian kernel with correlation coefficient values of 0.9937 and 0.9964 were selected as the optimal network.

Graphical Abstract

‘_ IExlfausf gas

- ———

——— :

Flow meter \5’

Sampling

Air + CO2

Spectrophotometer

Sparger

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0001-5332-9457
http://crossmark.crossref.org/dialog/?doi=10.1007/s12649-022-01800-2&domain=pdf

4750

Waste and Biomass Valorization (2022) 13:4749-4770

Keywords Photobioreactor - CO, removal - Chlorella vulgaris - Microalgae cultivation - Neural network - SVR

Statement of Novelty

The specific objective of this research was to investigate the
impact of proper design and mixing efficiency of a bubble
column photobioreactor on the microalgal biomass produc-
tion, CO, biofixation and nutrient removal in pilot scale. To
better simulate the real industrial scenario of CO, mitigation
from power plants, CO, concentrations in the range of flue
gas (0.04-15%), light intensity at the saturation point of C.
vulgaris (~12,000 1x or 165 yumol m~2 s~!) and a medium
with higher concentrations of nitrate and phosphate com-
pared to wastewater was considered. Besides, support vector
regression and artificial neural network were used for micro-
algae growth optimization. The information provided in this
research, shows that high microalgal biomass growth, CO,
mitigation and nutrient removal is possible in a large scale
system, if proper mixing and well-design are employed.

Introduction

Increasing carbon dioxide (CO,) emissions in the atmos-
phere due to industrialization and burning of fossil fuels
have caused numerous environmental problems. The amount
of carbon dioxide in the atmosphere has reached 419.28 ppm
in March 2022, with the growth of 8.24 ppm since March
2019 [1]. Various industries contribute to the global warm-
ing by exhausting CO, to the atmosphere with various
compositions: coal fired power plants (12-14%), gas tur-
bines (3-4%), blast furnace gas (27%), and natural gas fired
boiler (7-10%) [2—4]. CO, emitted from these industries are
either from a transporter sector (line source) or an industrial
sector (point source) [5].

Many attempts have been made for Carbon Capture
and Storage (CCS) in the past century [6]. CO, mitigation
strategies are classified into three categories: chemical [7,
8], physical [9] and biological [10, 11]. Among these tech-
niques, biological carbon capture using microorganisms has
gained a lot of attention in recent years [12]. Besides that,
pollutants and nutrient concentration have been increased in
water systems, which impact human health as well as creat-
ing critical challenges for the environment and may lead
to eutrophication [13-16]. Thus, it is necessary to decrease
the nutrient content, especially nitrogen (N) and phosphorus
(P), in the wastewater and control the pollutant discharge
from wastewater treatment facilities [17]. Conventional
wastewater treatment technologies currently apply anaero-
bic digestion and aerobic activated sludge which are unable
to remove some of the nutrients (nitrogen and phosphorous)
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from wastewater efficiently [18] and thus advanced treat-
ments are required to meet the discharge regulations.

Microalgae, as a fast-growing microorganism have the
ability to fix CO, and microalgal biomass can be further
used in pharmaceutical, food and other industries. Micro-
algae can also be regarded as a promising strategy for CO,
mitigation since they can grow faster than terrestrial plants,
tolerate extreme environments and can be easily incorpo-
rated into engineered systems [19]. Microalgae can be useful
for the mitigation of carbon from point source CO, emission
flue gases and simultaneously treat wastewater by uptaking
nitrogen and phosphorous as nutrients [12, 20-22]. Micro-
algae cultivation in wastewater has gotten a lot of attention
recently since it may help offset the capital costs of biomass
production systems while wastewater can provide nutrients
for microalgal growth. [12, 23].

Numerous studies have investigated the effects of CO,
supply and light intensity on microalgal growth, biofixa-
tion efficiency, and nutrient removal [24-27]. Liu et al.
[28], evaluated the influence of CO, concentration from
1 to 20% on Chlorella vulgaris (C. vulgaris) in domestic
wastewater. Anjos et al. [20, 29], assessed the growth of
C.vulgaris P12 using CO, concentrations of 2—10% and flow
rates of 0.1-0.7 vvm in a bubble column photobioreactor.
The biofixation efficiency of Synechococcus elongatus in
hollow fiber membrane-sparger (MS-PBR) and contac-
tor (MC-PBR) photobioreactors in CO, concentrations of
0.04%, 5% and 10% was accomplished by Mortezaeikia et al.
[30]. Gongalves et al. [31], investigated the effects of light
irradiance and light/dark cycles on four different strains of
microalgae for the aim of CO, and nutrient removal as well
as biomass productivity. Although various research focused
on improving the biomass productivity or nutrient removal
from wastewater, the overall efficiency of these systems was
not helpful to make the process economically viable and
hence, microalgal growth as well as CO, and nutrient uptake
efficiency need to be improved to overcome full-scale opera-
tion [10, 32].

In order to maximize the biofixation of CO, from flue
gas, a suitable strain of microalgae with a high capacity
to absorb CO, and a high tolerance to CO, concentrations
should be selected [33-35]. Microalgae chlorella vulgaris
have shown to have such capability [36-38] and therefore
selected for this study. Moreover, bubble column photobiore-
actors demonstrated a viable technology for algal cultivation
due to their low energy consumption, low shear stress, ease
of operation, and low capital cost [33] allowing them to be
selected and employed for full-scale microalgal production
operations. However, in order to achieve the highest yield,
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Fig. 1 Experimental system for the effects of CO,, flow rate and column diameter on biomass growth, CO, removal and nutrient uptake, a sche-

matic of the experimental setup, b image of the experimental PBRs

the best growth conditions for biomass, such as light inten-
sity, CO, gas composition, flowrate, and photobioreactor
geometry, must be practically determined. [29, 39].

While some published research has shown the effect of
CO, concentration and light intensity on microalgal growth
and CO, removal performance, considerable challenges
remain, including understanding microalgae performance
at the pilot size. Indeed, the vast majority of earlier research
were conducted at the bench scale, which cannot be utilized
correctly for pilot scale and full-scale operations. Further-
more, several studies have failed to explain the concurrent
effect of operational factors such as CO, concentration and
flow rate, as well as photobioreactor diameter, on nutrient
removal, biomass growth, and CO, mitigation. Therefore,
the objective of this study was to develop an experimental
and modeling approach (by artificial neural network and sup-
port vector regression) to analyze the effect of the above-
mentioned parameters on the performance of microalgae C.
vulgaris cultivated in three pilot scale bubble column PBRs
with the working volumes of 4, 9.6, and 16 L. In order to
consider the real scenario of the work to be applicable in
large scale cultivation, CO, concentrations in the range of
flue gas (0.04-15% [40]) and light intensity at the saturation
point of C. vulgaris [41] were considered.

Materials and Methods

Microorganisms and Culture Medium

The microalgae Chlorella vulgaris were purchased from
Iranian Biological Resource Center (IBRC), Tehran, Iran.

The strain was cultured in the BG-11 medium with the
initial cell concentration of 0.1 g L™!. The composition of

BG-11 medium is as follows: NaNO; (1.5 g L™1), K,HPO,
(0.04 g L"), MgS0,.7H,0 (0.075 g L™!), Na,CO; (0.02 g
LY, citric acid (0.006 g L1, Ferric ammonium citrate
(0.006 g L™"), Na EDTA (0.001 g L™"), H;BO; (0.00286 g
L), MnCl,.2H,0 (0.00181 g L"), ZnSO, (0.000222 g
L™, CuS0,.5H,0 (0.000079 g L"), Na,M00,.2H,0
(0.000390 g L™') and Co(NO,),.6H,0 (0.000049 g L™"). All
chemicals and media were purchased from Merck (Shang-
hai) and Ciba Co. Ltd. (Switzerland).

Experimental Set-Up

Three bubble column photobioreactors (PBRs) were con-
structed using 4 mm thickness Plexiglass, 110 cm in height
and the diameters of 7, 10.5 and 14 cm (most available sizes
of Plexiglass tubes in the market) with the approximate
working volumes of 4, 9.6 and 16 L, respectively (From
now, we name the reactors based on their diameters: PBR
1: 7 cm, PBR 2: 10.5 cm, and PBR 3: 14 cm). Three stands
were made for each PBR to aid for easy discharge of cul-
ture as wells as cleaning and installing LEDs. One air pump
and two CO, mixtures of 7.52% and 15% CO, + air cylin-
ders were also provided as CO, source. Also, three spiral
shape spargers were used as gas distributer at the bottom
of each column. Three rotameters (Dwyer, USA) were
installed to set and control the desired air flowrate. Experi-
ments were carried out at 25 +2 °C and batch mode under
165 umol m~2 s~! of cool white fluorescent lamps with the
light/dark cycles of 14/10 h. Measurement of the incident
light intensity on the surface of the culture medium was also
carried out using quantum meter (MQ-300 Apogee instru-
ments, USA) and a spherical micro quantum sensor with
a 3.7 mm diffusing sphere (WALZ US-SQS/L, USA) was
utilized to accurately measure the light intensity at different
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Table 1 Full factorial experimental design

Runs CO, concentra- Flow rate (mL/ Reactor
tion % min) diameter

(cm)

1 15.00 150 14

2 15.00 150 7

3 0.04 150 14

4 7.52 100 10.5

5 0.04 50 14

6 7.52 100 10.5

7 0.04 50 7

8 15.00 50 7

9 7.52 100 10.5

10 0.04 150 7

11 15.00 50 14

distances from the surface of the photobioreactors. The sche-
matic diagram and experimental setup of this study is shown
in Fig. 1a and 1b, respectively.

Performance Assessment
Determination of Microalgal Cell Concentration

Biomass concentration was calculated daily by measuring
the optical density of C. vulgaris at 680 nm wavelength
using a UV-spectrophotometer (Vis 2100 Unico China/
USA). Samples were taken from five sampling points of each
photobioreactor at different heights of 20, 40, 60, 80, and
100 cm due to microalgal sedimentation along the column
height, and the average daily data was represented. Cell con-
centration (g L™!) was calculated by using calibration curve
of absorbance and dried cell weight (DCW) of microalgal
biomass (R?>0.98), in which the DCW was measured by
taking 5 mL of microalgal culture, being washed twice to
remove the salts, and keeping in an oven overnight at 60 °C
and calculated from Eq. (1):

DCW = W, - W, (1)

where W is the weight of fresh foil paper, W, is the weight
of foil paper and 5 mL of microalgal culture after drying.
pH and temperature were determined using a pH meter
(HANNA HI207 pH meter) daily.
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Determination of Biomass Productivity and Specific Growth
Rate

Biomass productivity (g L™' d™!') was calculated from

changes in biomass concentration (g L™") over time (d) from

Eq. (2):

X, =X,
Lh—h

P= )

where P signifies the biomass productivity, X, is cell con-
centration at time t, and X is cell concentration at time t,,
and ty—t, is the period of the growth phase.

Specific growth rate (d~') was also calculated from
Eq. 3):

X

where X, and X, are cell concentrations at times t, and t;,
respectively.

Determination of Maximal CO, Fixation Rate

In order to measure the CO, removal efficiency, Eq. (4) has
been used [42]:

CO,output

Cco 1 effici % =1
,removal efficiency% < CO,input

> x 100 (4)

To measure the CO, output, samples were taken and ana-
lyzed by GC-MS.

Determination of Nitrogen and Phosphorus Removal
Efficiency

The amounts of NO;™-N and PO,~3-P were determined
using the spectrophotometric standard method for the exami-
nation of water and wastewater [19, 43]. In order to measure
the nitrate and phosphate content in the culture, 15 mL of
culture medium were taken from the PBR and centrifuged
at 5000 rpm for 15 min and filtered to prevent the avail-
ability of cells in the supernatant. 1 mL HCI 1 N was added
to 5 mL of the filtered sample, mixed thoroughly, and its
absorbance was read at the optical density (OD)=220 nm
and OD =275 nm. In order to measure the nitrate concen-
tration of the liquid, calibration curve was used. Amount
of phosphate was also measured by the addition of 0.2 mL
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the filtered sample and mixed with 20 pL stannous chlo-

ride (SnCl,) solution. Finally, its optical density wasread at ~ Maximum CO, composition of the power plant flue gas
650 nm after 8 min and the phosphate content was obtained  (ranging from 5 to 15%) was considered as the maxi-
from the calibration curve. mum CO, concentration [44]. After construction of three
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photobioreactors with different diameters and by assum-
ing the constant solar radiation, an equivalent light inten-
sity of 165 umol m~2 s~! was considered for all PBRs
[41]. To verify this light intensity and to find a range for
flow rates, microalgae have been cultivated using 0.04%
and 15% CO, and under the light intensities of 40, 80,
130 and 165 pumol m~2 s~! and flow rates of 100, 200,
500, 1000 and 1500 mL min~" (data not shown). Finally,
light intensity of 165 umol m~2 s~! and flow rate range of
50-150 mL min~"! were selected for the main experiments as
microalgae were not able to grow well under the flowrates of
500-1500 mL min~! due to high acidity of culture.

To assess the effect of CO, concentration, flow rate and
PBRs’ diameters on microalgal growth, CO, mitigation,
and nutrient removal, a full factorial design with three
center point was employed by Minitab software (2018).
Three numeric factors with three levels were exam-
ined which are shown in Table 1. All the experiments
were accomplished in triplicates and data are shown as
mean =+ standard deviation in tables and error bars in
graphs.

Optimization and Prediction by Artificial
Neural Network and Support Vector
Regression Methods

The effects of CO, concentration, flowrate, reactor diameter
and cultivation time on the biomass concentration have been
predicted by Artificial Neural Network (ANN) and Support
Vector Regression (SVR) methods. The artificial neural net-
work output is defined in Eq. (5) by processing the input
information in a parallel process [45, 46].

Ni
Zj=f<;[wu+b]i> 5)

where fis the operating function, Ni is the number of inputs,
w is the connection weights, b is the bias, u and Z are the
ith input and jth output of an ANN, respectively. The Multi-
Layer Perceptron (MLP) could be a feed-forward artificial
neural network that can perform a non-linear mapping with
arbitrary accuracy [47]. The Levenberg—Marquardt algo-
rithm is used as a learning algorithm for the training of
experimental data to achieve a proper model by selecting
the number of layers and neurons [48, 49].

Support Vector Machine (SVM) is used for arrangement
and regression purposes and optimization of variable y;,
which is a function of several independent variables x;. The
relationship between independent and dependent variables
is obtained by an algebraic function such as y =f (x), which
is as follows:

@ Springer

f@) =wh.p) +b (6

where w is the weights vector, b is the bias factor and ¢ is
also a kernel function and the goal is to find a functional
form of f(x).

This can be achieved by training a SVR model by a set of
data which the model operation basis has been previously
discussed [48]. Briefly, the characteristics of w and b in the
SVR model are calculated using the Karush—Kuhn—Tucker
theory conditions same as Eq. (7):

W= ¢(x)(a —af) (7)

where a is the Lagrange coefficient and ¢(x) is the core func-
tion. Calculation of ¢(x) is very complicated and thus to
solve this, a Kernel function is defined in Eq. (8):

K(x.x;) = (#(x;)-0(x;)) ®)

Different kernels (linear, quadratic, Gaussian, logistic,
and polynomial) are used for a backup vector regression
model and the model parameters along with the kernel
parameter were calculated.

To design and create an appropriate model, the correla-
tion coefficient, and Root Mean Square Error (RMSE) were
utilized for the assessment of the results. The square of the
correlation coefficient “R*” and RMSE are characterized as:

; (Yo = Yu)’

R =1- ©)
2
< YEx - YExp)

—_

=1

N 2
— \/2 iy ) (10)

where, Y, and ¥, are the values of experimental and model
predictions, respectively and N is the amount of data.

Results and Discussions

Biomass Growth of C. vulgaris

The biomass growth of microalgae C. vulgaris for all 11
experiments (carried out in three PBRs) is plotted in Fig. 2.
As can be seen, experiments that were supplied with CO,
demonstrated a higher growth compared to ones supplied
with air. The maximum cell concentrations achieved in all
three PBRs were 3.15, 3.63 and 3.23 g L™! for PBR 1 (15%
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CO, concentration, 50 mL min~! flow rate), PBR 2 (7.52%
CO, concentration, 100 mL min~! flow rate) and PBR 3
(15% CO, concentration, 150 mL min~! flow rate) respec-
tively; while maximum biomass concentrations achieved for
PBR 1 and 3 using 0.04% CO, were 1.92 and 2.2 g L™/,
respectively.

Although this experiment showed that C. Vulgaris can
grow well in different CO, concentrations and flow rates,
the biomass concentration, productivity and specific growth

Time (d)

rate are greatly influenced by the cultivation conditions. This
observation is in accordance with the work carried out by
Anjos et al. [29].

As illustrated in Fig. 2A C. vulgaris had a similar growth
for aerations of 50 and 150 mL min~' and CO, concentra-
tions of 0.04% and 15% until the day 5 in PBR1; How-
ever, from day 6, the run with 15% CO, concentration and
50 mL min~' flow rate grew drastically and reached the max-
imum concentration of 3.15 g L™! at day 9. Microalgal cells
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Table 2 Summarization
of maximum biomass

Cultivation conditions

Growth parameters

concentration, maximum Reactor No Column

CO, concentration (%) Flow

Xmax(g'L_l) Pmax(gL_ld_l) /'{max(day_l)

biomass productivity and diameter rate (mL/
maximum specific growth rate (cm) min)
of C. vulgaris under different
C02 concentrations, flowrate Reactor 1 7 0.04 50 1.75+£0.16 0.31+0.05 1.40+0.03
and different bioreactor 0.04 150 1.92+0.16  0.24+0.06 1.14+0.05
diameter 15 50 3.15+0.13  0.35+0.02 1.34+0.04
15 150 229+0.20 0.23+0.06 0.82+£0.04
Reactor2  10.5 7.52 (1st Run) 100 345+0.17 0.38+0.06 1.04+0.13
7.52 (2nd Run) 100 3.20+0.23 0.43+0.07 1.60+0.19
7.52 (3rd Run) 100 3.63+0.18 0.43+0.05 1.03+0.14
Reactor3 14 0.04 50 1.79+0.16  0.25+0.07 1.26+0.12
0.04 150 220+0.11 0.33+0.03 1.31+0.10
15 50 3.13+0.17 0.38+0.06 0.83+0.16
15 150 325+0.21 0.49+0.08 1.42+0.20
Fig.4 Effectiveness of experi-
mented parameters on microal- Pareto Chart of the Standardized Effects
gal growth (response is X max, a = 0.15)
e 1.699
: Factor Name
A C02%
B Flow
A C Diameter
AB

are approximately comprised of 50% carbon by dry weight
and the carbon is regarded as a limiting nutrient in waste-
waters or culture media [50]. In other words, sparging CO,
bubbles to the culture, improves the carbon mass transfer to
the liquid and increasing the CO, concentration and boost-
ing gas flow rate also raise the mass transfer rate to a higher
extent [28, 51]. Consequently, it is expected that microalgal
growth will be enhanced by the addition of carbon dioxide to
the culture medium. On the other hand, a high CO, content
in the liquid can reduce the culture pH and leads to negative
changes in cells physiology and growth [28]. Based on the
aforementioned reasons, in the experiment with 15% CO,
concentrations and the flow of 150 mL min~!, high amounts
of CO, reduced the culture pH and therefore less growth
was observed than the experiment with the 15% CO, and
50 mL min~' flow. These results are in a good agreement
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2 3 4 5 6
Standardized Effect

with the results of study by Liu et al. [28], which they cul-
tured C. vulgaris in wastewater and used CO, concentra-
tion range from 1 to 20%. They concluded that at 10% CO,
concentration, C. vulgaris reached to the maximum biomass
concentration of 1.12 g L™!, while growth dropped at 20%
CO, concentrations due to low pH of culture.

CO, concentrations of 0.04% (air) and 15% and flow rates
of 50 and 150 mL min~! resulted in a non-similar growth
rate of microalgae. Same as PBR 1, experiments with the
injection of 15% CO, concentration to PBR3 resulted in a
higher cell growth, while on the contrary to PBR 1, higher
growth for 150 mL min~! of flow rate was observed. The
reason can be attributed to the larger volume of PBR 3 than
PBR 1 (164 L) in which cells demanded more carbon con-
tent that could be satisfied with higher flow rates. Besides,
in reactor 3 with a larger diameter, cells were receiving less
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light than reactor 1 and therefore, a higher flowrate boosted
liquid circulation through the column and consequently, cells
received more light energy from being moved adjacent to the
bioreactor’s wall [29]. This phenomenon is also observable
for experiments with injection of air (0.04% CO,) where
biomass concentration reached to the final value of 2.20 and
1.79 g. L™" at the flowrates of 150 and 50 mL min~!, respec-
tively. Such results are in accordance with the results of Ryu
et al. [52] in which Chlorella sp. AG10002 concentration
raised by ~35% by increasing the flow rate from 0.06 vvm
to 0.4 vvm. As can be seen in Fig. 3, cell growth experiment
with 15% CO, and 150 mL min~' dropped at day 6, which
can be attributed to the fact that cells were receiving less
light, since at such a high cell concentration, dark zones
dominated the column and self-shading phenomenon hap-
pened. Self-shading occurs in dense algal cultures, which
decrease the amount of light available for individual cell and
prevents algal growth and CO, biofixation [53-55].

All the experiments were accomplished at the center point
(7.5% CO, concentration and 100 mL min~! flow rate) for
the reactor 2. C. vulgaris showed a higher growth than the
experiments in reactor 1 and reactor 3, with the highest bio-
mass concentration of 3.63 g L™!. These results imply that
cells received sufficient light energy as the reactor’s diameter
was not as large as reactor 3 to create self-shading and also
the carbon content has not exceeded to the extent that reduce
the culture’s pH to the point that inhibits the growth.
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The specific growth rate for each experiment was esti-
mated based on Eq. (3) and are shown as 2-days intervals
in Fig. 3A—C. Generally, the highest specific growth rate
in this study was observed at the first intervals due to high
nutrient content in the culture media and the fact that cells
were receiving the highest light energy during the cultivation
period as the media was transparent initially. On the other
hand, by depleting culture from nutrients and due to the cul-
ture becoming translucent, specific growth rate decreased
gradually with time. However, in some cultures, especially
for the ones which dosed with a high CO, content, it took
one day for algal cells to be adapted to the conditions. Com-
paring the specific growth rates in all experiments, shows
that higher amount of nutrients available in reactors 2 and 3
in comparison to reactor 1, made the conditions more favora-
ble for algal growth in the first two days.

Table 2. Shows the Final biomass concentrations (X,,,),
maximum biomass productivity (P,,,.) and maximum spe-
cific growth rate (u,,,) of Chlorella vulgaris under different
CO, concentration, flow rates in different bioreactors. High-
est values are observable for reactor 2 as favorable condi-
tions had been provided for cells to grow. Also, generally
experiments with higher CO, concentrations and higher flow
rates resulted in a higher productivity and biomass concen-
tration. One factor affecting higher growth, is repressing the
oxygenating activity of Rubisco and higher activity of car-
boxylating enzyme due to CO, addition [56]. Minitab results
(Fig. 4) also showed that CO, concentration, its interaction

@ Springer



4758

Waste and Biomass Valorization (2022) 13:4749-4770

Fig.6 pH values during the
cultivation period in A PBR 1,
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with flowrate and bioreactor’s diameter were influencing
parameters on the algal growth, respectively.

CO, Removal Efficiency
CO, gas is injected in the reactors as the carbon source
and Fig. 5 shows the CO, removal efficiencies in PBRs 1,

2 and 3. By sparging CO, gas into the reactors, gas bub-
bles start to raise in the column and carbon in the bubble
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diffuses through the gas—liquid interface and dissolves in
the liquid. It is important to mention that by the dissolution
of CO, in the liquid, the dissolved inorganic carbon (DIC)
content increase in the forms of CO,, H,CO;, HCO; and
CO%‘, which are usually in equilibrium [57] and consumed
by microalgae. In fact, photosynthesis is happening in chlo-
roplast where inorganic carbon (Ci) transporters and cell
membrane transporters are located [5]. It is assumed that
the amount of organic carbon in the experiment is negligible
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s and C. Vulgaris mainly uses DIC as the carbon source [28].
8N \é However, the availability of different forms of inorganic car-
o 2 n 25 = bon in the culture media is a function of culture pH. In fact,
TE| S 0w o o0 in a low pH, DIC is usually in the forms of CO, and HCO%‘
N et < o and in normal or slightly alkaline pH is majorly in the form
HHa4d4d 4 H of HCO;J and microalgae prefer to uptake CO, in passive
S ST RESET diffusion rather than active transport in the form of HCO;
[58-60]. Consequently, the carbon dioxide bio-fixation and
IVERN BRI A VIR microalgae growth are directly influenced by culture pH
— % % % 2. g % [28]. Figure 6A—C show the pH of culture in reactors 1-3 in
- - - the 12-days cultivation of C. vulgaris.

VI AN ERATRATN Through the process of CO, dissolution in the medium,
- dazg oy some of the carbon dioxide is dissolved in the medium and
- ¥oE e e utilized by microalgae. Reduction of culture pH has occurred
o o A due to the dissolution of CO, in the culture medium and is
i A A increased by the uptake of microalgae. However, at the con-
o EER&&E8R ditions where the rate of CO, injection is higher than the rate
of CO, consumption by microalgae (i.e. high CO, concentra-
otl ;I'-_I ;I;I ;I ::I ;I utl tions and high flow rates), carbon remains in abundance and
» d o 8ol %Ly results in the precipitation of dissolved salts and therefore
scarcity of nutrients for microalgae [61]. As the CO, injec-
TSS9 tion continues, less carbon dioxide is diffused into the liquid
dTez22d2 and by the less growth of microalgae due to the unfavorable
~ ce==="0 pH of the culture and insufficiency of nutrients, the majority
“a o oo 4 a of the CO, is wasted by escaping from the photobioreactor.
HHaHHHH A Hence, CO, removal and biofixation in the reactor is not
Sgsgsd & only microalgal species specific and its ability to assimilate
© -0 carbon, but also depends on the photobioreactor design,
MmN oo o e geometry, and other operational factors such as CO, con-
é' ;l c+;| :ql $' c+\,| :n.l centration, gas flow rate, sparger design, light intensity etc.
- o 3 % & 83 & As can be seen in Fig. 5, CO, removal efficiency for all
the experiments were almost 100% at the first day of cultiva-
TS99 tion. By the dissolution of CO, in the culture medium and
a2xr222S83 increasing the carbon composition in the liquid phase, the

«@ 0 © S S S~ . -
g | — - - mass transfer gradient between the bubble and liquid reduces
‘?', -+ oo o -0 and thus, results in the less carbon removal efficiency. Also,
- HHHHHHH we observed that the removal efficiency of the experiments
% . 552 % § AR is associated with the specific growth rates of microalgae.
o The higher specific growth rate of microalgae means a
é‘ TS greater number of cells available in the media and therefore
;5 222229 higher carbon uptake which in turn results in greater car-
ERES TS e bon gradient between the bubbles and the culture media and
g contribute to higher mass transfer and carbon removal effi-
§ E E| 3 3 E E E ciency. In this case, experiments with the injection of 7.5%
o) SwsSssSsSSS CO, and flow of 100 mL min~" had a better efficiency for
Sl - - - -~ CO, removal and the efficiency of 100% observed until the
%D ~aa seventh day of cultivation. Experiments with the CO, con-
_5 S £ g centration of 15%, on the other hand, had lower efficiency
g g g/ g due to lower growth rate of microalgae and the fact that the
7? - g 9 9 2 o medium reaches to the saturation point sooner [62]. Besides,
i o) * §° §° § N by comparing the experiments with 15% CO, injection and
2| AR : : : E E flowrates of 50 and 150 mL min~' we observed that CO,
s B RV VA removal efficiency in the experiments with 50 mL min~! had
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Table 4 Previous research on biomass growth and CO, removal optimization

Microalgae Cultivation Reactor ~ CO, concen-  Optimal CO,  Highest biomass CO, fixation CO, removal References
strain system volume tration range  concentration  concentration rate (g. L7\, efficiency %
L) (%) (%) (gL dh
Chlorella sp. Cylindrical 0.8 2 1.211 58 [64]
reactor
Chlorella sp. Mini raceway 8 1,5 & 10 10 2.25 - 46 [65]
pond
C. vulgaris BioFlo fermen- 8 5 - 1.94 0.25164 (g/l.d) - [66]
LEB-104 tor
Chlorella sp. Porous centric- — 5 - 3.46 - 35 [67]
NCTU-2 tube column
Chlorella sp. Bubble column 4 5 - 2.37 - 24 [67]
NCTU-2
C. vulgaris Membrane- 0.8 0.093 - 0.95 3.55gL7'd! [68]
sparged helical
tubular photo-
bioreactor
C. vulgaris Flask 0.2 1t020 10 1.12 - - [28]
C. vulgaris P12 Flask 0.09 2to0 10 6.5 10 222¢gl 1d_1 - [29]
Chlorella pyr- Bubble column 0.4 3to 10 5 1.6 - - [69]
enoidosa photobioreac-
tor
C. vulgaris Bubble column 1 3to 11 7 4.2 0.633 - [61]

photo-biore-
actor

higher efficiency. This observation can be attributed to the
fact that higher flowrates mean larger superficial gas velocity
and as the superficial gas velocity increase in the bioreac-
tor, the bubbles residence time reduces and therefore, CO,
fixation decreases.

Table 3 shows the daily and average CO, removal effi-
ciencies of PBRs 1, 2 and 3. As can be seen in Table 3,
maximum CO, removal efficiency observed at the CO, con-
centration of 7.5% and flow rate of 100 mL min~" with the
average of 91.7%. Obtained results are in good agreement
with the results of previous studies. The maximum CO, fixa-
tion rate was observed at 10% CO, for both Chlorella pyr-
enoidosa and Spirulina obliquus using CO, concentrations
of 0.03%, 5%, 10%, 20%, 30%, 50% [57]. In a similar work,
Anjos et al. [29], studied the CO, fixation rate of Chlorella
vulgaris in CO, concentrations of 2%, 6% and 10% and
the aeration rates of 0.1, 0.4 and 0.7 vvm and observed the
maximum CO, fixation rate of 2.22 g. L™".d™! at 6% CO,
concentration. Li et al. [63], indicated that increasing gas
flow rate from 0.05 to 0.5 vvm, reduced the carbon removal
efficiency and they obtained maximum CO, removal effi-
ciency of S. obliquus WUST4 with 67% by the provision of
12% CO, concentration.

Table 4 summarizes the previous research, accomplished
on the growth and CO, removal efficiency/biofixation of
Chlorella strain in various CO, concentration, flow rates
and photobioreactor types. As CO, removal is a function of
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various operational and photobioreactor parameters, optimi-
zation of all factors should be considered to achieve maxi-
mum microalgal growth and CO, removal efficiency. It is
noteworthy to mention that, generally, smaller size reactors
have higher biomass concentration as can also be seen in the
table while, reaching to a high cell concentration in large
reactors is challenging. Based on the results obtained in our
experiments, and considering the larger volumes of reactors,
achieving a higher cell concentration of and CO, removal
efficiency simultaneously, compared to the literature, implies
that bioreactors were operating in optimal conditions.

Nitrogen and Phosphorus Removal

Nitrogen is one of the most essential nutrients for microalgal
growth which is involved in the major metabolic pathways of
microalgae and is used for chlorophyll synthesis as well as
protein production inside the cell. Low amounts of nitrogen
in the culture hinders cellular activities and therefore lower
the cell growth [70].

The total nitrogen (TN) in the culture posed a signifi-
cant reduction trend for all experiments which are shown in
Fig. 7A-C. The initial nitrate level was around 1070 ppm
for all the experiments. Hariz et al. [62] has found no cor-
relation between CO, fixation and TN reduction; However,
other researches [71, 72], claimed that the concentrations
of nitrogen and phosphorus have abated due to microalgal
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Fig.7 Total nitrogen concentra-
tion (ppm) in 12-days cultiva-

1000 -

tion of C. vulgaris in A PBR 1, mR1-15%-150
B PBR2, C PBR3 =l R1-Air-50
mR1-15%-50
800 - R1-Air-150
E
g 600
=
= 400 1 g -
L
200 4 - - Ee I s x
il L[ I om
0 2 5 8 12
Time (d)
Lt - # R2-7.52%-100 (Fam 1)
1000 4 R2-7.52%-100 (Ram 2)
800 - # R2-7.52%-100 (Run 3)
—
g
g 600
S
=
= 400 A I
200 - & s
X

- 1200
E] 1000 -

800

TN {ppim)
g

200 -

= B3-15%-150
F3-Aw-150

W B3-Air-50

mR3-15%-30

growth. While low aeration and inappropriate agitation
may induce poor distribution of nutrients through the cul-
ture media and therefore ineffective nutrient removal [62],
in this study, high nitrogen and phosphorus removal effi-
ciency achieved. According to Table 5, nitrogen removal
efficiency of all experiments was in the range of 81-94% in
which the maximum value achieved for reactor 1 operating
at 50 mL min~" and 15% CO, concentration. It is noteworthy
to mention that nitrogen volatilization might happen at pH
above 8 [73] that might have happened due to the fast growth

nE
I.
I Y
2 5 B 12
Time (d)

of microalgae or low rate CO, injection. Madigan et al. [74],
observed that C. vulgaris uptakes nitrogen and utilizes in
its cell components, while the rest is oxidized into N, and
discharged into the atmosphere.

The total phosphorous (TP) concentration decreased with
time, in all the experiments. Figure 8 A—C show the trend
of TP removal in 12-days cultivation period. The initial
concentration of TP was 21 ppm approximately and almost
depleted within 5 days for all experiments. Such results
are in accordance to previous researches. Hariz et al. [62],

@ Springer



4762 Waste and Biomass Valorization (2022) 13:4749-4770
Table 5 Max.imum.nitrogen Reactor No Column diam- CO, concentration (%) Flow rate (mL/ Maximum nitrogen
rem‘ovzﬂ efficiency in 12 days of eter (cm) min) removal efficiency
cultivation (%)
Reactor 1 7 0.04 50 83.1
0.04 150 85.4
15 50 94.1
15 150 92.0
Reactor 2 10.5 7.52 (1st Run) 100 92.1
7.52 (2nd Run) 100 91.5
7.52 (3rd Run) 100 90.9
Reactor 3 14 0.04 50 81.5
0.04 150 81.9
15 50 88.5
15 150 91.0

assessed the effect of inoculum concentration (10-30%
v/v), CO, concentration (10-25% v/v) and inlet gas flow
rate (500-2000 mL min~!) on the growth of Chlorella sp.
cultured in the palm oil mill effluent with the initial TN of
330430 and observed 28-92% reduction in total nitrogen,
while 80.9% TN reduction predicted at the optimum opera-
tional condition. Rasoul-Amini et al., also investigated the
biomass productivity and TN reduction of five microalgal
species and found 84.11% and 100% N and P uptake, respec-
tively, for Chlorella sp. with the initial nitrate concentration
of 190.7+0.12 mg. L~'d L. Similarly, same results were
observed for Caporgno et al. [75] which achieved 99% and
98% P removal efficiency for Chlorella kessleri and Chlo-
rella vulgaris respectively, cultured in urban wastewater.
Although similar trend and removal observed for phosphorus
in this work and previous studies, higher TN removal effi-
ciency in this work demonstrates a desired bioreactor design
and efficient mixing while the initial TN concentration was
much higher than other studies.

Light Intensity Distribution Inside Photobioreactors

Light intensity is one of the most important determinants of
microalgal photosynthesis. Microalgal growth is a function
of light availability which is the primary limiting component
in photobioreactor performance [76]. However, light avail-
ability is attenuated as the light passes through the bioreactor
and therefore measured light intensity on the outer surface
of the photobioreactor will not determine the incident light
energy provided for the cells.

@ Springer

The observed light intensities in the cell suspension of C.
vulgaris at the sixth day of cultivation in various light path
lengths, are plotted in Fig. 9A—C for PBRs 1, 2, and 3, respec-
tively. Light path length is the space between the light source
and the desired spot. According to Fig. 9A-C, as the light
passes through the culture medium, it is attenuating due to
availability of cells and interaction with the medium and bub-
bles [77]. As can be seen in Fig. 9A, light intensity was abated
from 170 to 25.1 umol m~2. s~! for the experiment with the
highest biomass concentration (15% CO, concentration and
50 mL min~' flowrate). The higher the biomass concentra-
tion in the culture medium, the higher light attenuation. Simi-
lar pattern is observed for the reactors 2 and 3 in which light
availability was reduced from 172 to 8.9 umol m~2 s~! and
174 to 0 umol m=2 s~! for the highest biomass concentra-
tion experiments for reactor 2 (7.5% CO, concentration and
100 mL min~" flowrate) and 3 (15% CO, concentration and
150 mL min~! flowrate), respectively. A high surface area as
well as cell productivity are two characteristics that should be
considered to determine the performance of a microalgal cul-
tivation system to be cost-effective. Thus, results obtained sug-
gest that cells at the center of the reactor 3 were not receiving
adequate light energy and therefore, the designed photobiore-
actor 3 is not suitable for algal cultivation, though a relatively
high cell concentration achieved due to the proper mixing effi-
ciency in this photobioreactor.

Moreover, bubbles in the culture act as optical lens and
scatter the light inside the bioreactor and therefore, increase
in flowrate reduce the light availability in the column [78].
Khichi et al. [79], observed an increase in self-shading at the
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Fig.9 Light intensity vs. light
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higher cell concentrations which results in less light penetra-
tion inside the reactor. Obtained results are in good agree-
ment with the observations of other studies. Naderi et al.
[80], studied the modelling of light intensity distribution
inside a rectangular and cylindrical algal photobioreactors
and various light intensities and observed 92% decrease at
the cell concentration of 1.34 g L™! in light attenuation in
the first 2 cm of the reactor. Kumar et al. [81] claimed that
local light intensity information is advantageous to assess
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Light path (cm)

the photobioreactor’s design efficiency and attained the same
exponential attenuation for light availability in the reactor.

Modeling and Prediction Using SVR and Neural
Network

To determine the effect of CO, Concentration, gas flow-
rate, reactor diameter and time on the prediction of biomass
concentration behavior, 143 data set with various learning
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Fig. 10 MLP model predictions and experimental data

algorithms such as combined conjugate gradient algorithm
(Traincgb), Bayesian algorithm (Trainrp), Levenberg—Mar-
quardt algorithm (Trainlm), etc. were used for training MLP
models. Results show that Levenberg—Marquardt with three
hidden layers and 8, 15 and 8 neurons in the hidden lay-
ers is the best algorithm and structure for simulations. The
experimental data was divided into three distinct sets includ-
ing training (70%), validation (15%), and test data (15%)
and the results of %AARE, RMSE, and R? were 1.3042,
0.0053, and 0.9937, respectively. Adaptation between the
experimental data and the MLP model predictions for data
training, validation and test is given in Fig. 10 and error bars
for this network are shown in Fig. 11.
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All: R=0.9937

O  Data

0.98*Target + 0.031

Output ~
o
(4]

For the model prediction by SVR, WEKA 3.7 software
was used. In this method, similar to the MLP method, 143
existing laboratory datasets have been used for modeling
with random training test. The parameters vy, C, and € were
obtained by trial and error for different kernels (linear, quad-
ratic, Gaussian, logistic). The best result is RBF kernel and
the optimization parameters for this model have been shown
in Table 6.

The results of SVR and MLP modeling showed that the
use of two models has accurate estimations of experimental
results; however, SVR method showed a higher accuracy.

The effects of different parameters such as CO, con-
centration, gas flowrate, reactor diameter and time on the
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Fig. 11 Error bar for model pre-
dictions with experimental data
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Table 6 Optimization of different parameters in WEKA software
Criteria Evaluation Model parameters Kernel type Number of kernel evaluations Number of training data
RMSE R € y = C
202
0.0307 0.9964 0.01 10 1 Gaussian (RBF) 10,296 143
prediction of biomass concentration have been investigated Conclusion

and shown in Fig. 12.

Figure 12A shows the effect of cultivation time and reac-
tor’s diameter on biomass concentration at a fixed CO, con-
centration and gas flowrate. Results show that increase in
diameter increases the biomass concentration until a certain
value, and hereafter, the higher the diameter, decreases the
biomass concentration due to the self-shading. Investiga-
tion of the effect of reactor diameter and CO, concentration
on the biomass concentration at a fixed flowrate and time
is also shown in Fig. 12B. As the time was fixed at day 12
of the experiment, a high CO, concentration yielded a lower
biomass concentration value, as the PBR is low in nutrients
and therefore, the assessment is valid only for evaluating the
reactors diameter on biomass growth. A sudden decrease in
biomass concentration with an increase in reactor diameter
is observable in Fig. 12C that shows the interaction of reac-
tor’s diameter and gas flowrate on biomass concentration,
which is again due to the shadow effect. The interaction of
CO, concentration and flowrate as well as the interaction of
time and CO, concentration are shown in Fig. 12D and E,
respectively. All the observations from Fig. 12 corroborate
the results from previous studies.
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In this study, performance of three bubble column photo-
bioreactors was investigated through evaluation of maxi-
mum biomass concentration, CO, and nutrient removal
after performing preliminary experiments to select the area
of design. Microalgae Chlorella vulgaris as one of the best
strains for the aim of biomass productivity with a high tol-
erance towards carbon dioxide were selected for this study.
CO, concentration of power plant flue gas (ranging from 5
to 15%), light intensity at the saturation point of Chlorella
vulgaris, flow rates range 50—150 mL min~! and diameter of
the photobioreactor in the range of 7-14 cm were considered
as influential parameters on biomass productivity and CO,
removal efficiency. The effects of CO, concentration, flow-
rate, reactor diameter and cultivation time on the biomass
concentration were predicted by Artificial Neural Network
(ANN) and Support Vector Regression (SVR) methods.
Maximum cell concentration and CO, removal of 3.63 g.
L~ and 91.7% occurred for the reactor 2, with CO, concen-
tration of 7.5%, flow rate of 100 mL min~! and diameter of
10.5 cm. The Levenberg—Marquardt algorithm (three hidden
layer with 8, 15 and 8 neurons) with correlation coefficient
value of 0.9937 was selected as the optimal network. Also,
the SVR by Gaussian kernel with correlation coefficient
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Fig. 12 SVR model prediction, A effect of cultivation time and reac-
tor’s diameter on biomass concentration at a fixed CO, concentration
and gas flowrate B effect of reactor’s diameter and CO, concentration
on biomass concentration at a fixed time and gas flowrate C effect
of reactor’s diameter and gas flowrate on biomass concentration at a

value of 0.9964 was fitted on the experimental data and
results showed that two models have accurate estimations.
Because of lower final biomass concentration in reactor with
the diameter of 7 cm with respect to other reactors and self-
shading phenomenon in reactor 3 it can be concluded that
these two designs were not desired.
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