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Abstract: Microalgae can be a future source of biomass with a wide range of applications, including
its use to solve current environmental issues. One of the main variables for microalgal cultivation is
the light supply: (i) its intensity that often does not present a uniform spatial distribution inside the
culture; (ii) photoperiod; and (iii) spectrum. Therefore, this study aims to evaluate the growth of the
microalgae Chlorella vulgaris in a tubular photobioreactor with compound parabolic collectors (CPCs)
under outdoor conditions. The effect of ultraviolet and visible radiation on biomass productivity
and nutrients (nitrogen and phosphorus) uptake was assessed. The maximum biomass productivity
was (5 + 1) x 1073 g-L_1~h_1, and the specific growth rates ranged from (1.1 + 0.3) x 1072 to (2.0
+ 0.6) x 1072 h™!. Regarding nutrient uptake, initial removal rates of (0.9 + 0.4) mg N-L~"-h~! for
nitrogen and (0.17 + 0.04) mg P-L~1-h~! for phosphorus were reached. These values increased with
visible and ultraviolet irradiance until certain values (143 Wyg'm ™2 and 9 Wyy-m™2 for biomass
productivity; 101 Wyis'm ™2 and 6 Wyy-m™2 for nutrient removal) and then decreased for higher ones
due to the photoinhibition phenomenon. Therefore, the application of CPCs to photobioreactors
(PBRs) may be beneficial for microalgal culture in countries with higher latitude (with lower solar
irradiance levels).

Keywords: biomass; Chlorella vulgaris; compound parabolic collector; microalgal growth; nutrient
removal; tubular photobioreactors

1. Introduction

Microalgal cultures have been recently studied for environmental applications, such as CO, capture,
wastewater treatment, among others [1-3]. Their use at the industrial level is still not economically
viable due to high operational costs. Microalgae production at commercial scale is now only feasible
for high-value products. However, the integration of biomass production and wastewater treatment
reduces microalgae production costs significantly and also the associated environmental impact [4,5].
Microalgal culture requires a high amount of freshwater and fertilizers, which costs increased
considerably in the last decades due to the intensive agriculture practices [6]. Besides carbon, nitrogen,
and phosphorus are essential macronutrients for microalgal growth. These nutrients can be found
in wastewaters of different sources [1,7-9]. Using these effluents as microalgal cultures, the addition
of fertilizers may be significantly reduced, and no freshwater is needed. Simultaneously, microalgae
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promote wastewater decontamination. This process integration has been extensively studied by
several researchers [10-14], showing the potential of microalgae for wastewater treatment in both
secondary and tertiary steps, in which Chlorella vulgaris is one of the most studied species. Evans et
al. [15] evaluated the performance of C. vulgaris for the treatment of settled municipal wastewater.
Adding an external organic carbon source (mixotrophic culture), significant reductions of NHj3-N
(from 28.9 to 0.1 mg-L™!) and PO,-P (from 3.2 to 0.1 mg-L~!) concentrations were observed after
two days of culture. Garcia et al. [16] assessed the consortia between microalgae and bacteria for
the treatment of diluted piggery wastewater under indoor and outdoor conditions. High removal
efficiencies (greater than 70%) were observed for total organic carbon, nitrogen, phosphorus, and zinc.
In this study, C. vulgaris was the dominant species in the consortia. Gongalves et al. [17] tested three
different consortia between C. vulgaris and one of the bacteria isolated from municipal wastewater
treatment plant (Enterobacter asburiae, Klebsiella sp., or Raoultella ornithinolytica) for nutrient removal
from a synthetic effluent. The consortia achieved higher nutrient removal rates, reaching the European
Union legislated limits before the single microalgal cultures, showing that these consortia may be a
viable solution for tertiary treatment of municipal wastewaters.

In addition, the design of microalgae cultivation reactors is a complex task, requiring the
consideration of many different factors: (i) biotic; (ii) abiotic; and (iii) economic. These reactors
can be divided into open (open ponds) and closed ones (photobioreactors—PBRs). With closed
systems, the culture variables can be controlled, achieving higher microalgal growth kinetics [2].
Additionally, the negative impacts of microalgal cultures (e.g., water and CO, losses) are minimised.
Besides the many advantages associated with PBRs, microalgae are usually produced in open ponds
for large-scale cultivation due to the lower investment and production costs. Thus, research efforts
should be performed regarding PBR design, scaling-up and optimization. Filali et al. [18] developed a
growth model for C. vulgaris considering the influence of light intensity and the total organic carbon.
A bubble column PBR of 9.6 L was used with an illuminated area of 0.31 m?. The developed models
presented high fitting performance to experimental data. Therefore, they can be applied to the culture
in continuous mode for controlling the CO, feed, aiming the optimization of their consumption with
this biological system. Guo et al. [19] tested C. vulgaris cultivation at outdoor conditions with pilot-scale
bubble column PBR of 80 L without temperature and pH control. Different CO, input conditions
(concentration, feed period and frequency) were provided, with aiming at optimizing CO, capture and
biomass conversion efficiencies. Biochemical composition of the achieved biomass was also evaluated.
Applying an intermittent feed of 2% CO, gaseous stream, the effectiveness of CO, capture and biomass
conversion doubled when compared with a continuous supply of this stream. CO; enriched streams
promoted the accumulation of fatty acids methyl esters (FAMEs), and the outdoor conditions modified
the FAME composition. Lam and Lee [20] evaluated the C. vulgaris growth in a sequential baffle PBR of
100 L under indoor and outdoor environment. The highest biomass concentrations were 0.52 g-L ! and
0.28 g-L.~! for indoor and outdoor conditions, respectively. The main cause for the significant reduction
of biomass production between tested environments was identified. The heat accumulated in PBR
under outdoor conditions reduces the microalgal growth rate significantly. Life cycle energy analysis
was also performed, and the authors obtained a negative energy balance for biodiesel production
under both indoor and outdoor environment. Considering even other research studies, some critical
parameters of PBRs are [4,5,21]: (i) light distribution to avoid saturation kinetics, making use of
light/dark cycles; (i) mass transfer between gaseous and liquid phases—CO; supply and O, removal;
(iii) shear-stress; (iv) mixing; and (v) the process energy demand. Therefore, it is essential to study new
PBR configurations that promote high microalgal biomass productivities and nutrient removal rates.

This work aims to assess the effect of ultraviolet (UV) and visible light on microalgal growth and
nutrient uptake from a synthetic effluent under outdoor conditions in a tubular photobioreactor with
compound parabolic collectors (CPCs), which enable a more uniform spatial distribution of light inside
the culture medium. As far as it is known, it is the first research study using this device in tubular
PBRs for microalgal cultivation. The specific objectives are: (i) to evaluate the biomass production
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under different average solar irradiances and different levels of UV and visible radiation; (ii) to analyze
the removal of nitrogen and phosphorus; and (iii) to determine the kinetic parameters associated with
both processes.

2. Materials and Methods

2.1. Culture Medium and Microalgae

The microalgae C. vulgaris was selected since literature reports high nutrient removal efficiencies for
these species cultivated in wastewaters from different sources [7,17]. The microalga was obtained from
the Culture Collection of Algae and Protozoa (CCAP), Cumbria, England. C. vulgaris CCAP 211/11b
was inoculated in a modified OECD (Organization for Economic Co-operation and Development)
test culture medium (synthetic effluent), with the following composition [22]: 119 mgL~! KNO;;
12 mg-L~! MgCl,-6H,0; 18 mg-L~! CaCly2H,0; 15 mg- L~ MgS0O,-7H,0; 20 mg-L~! KH,POy; 0.08 mg-L~!
FeCl3-6H,0; 0.1 mg- L' Nap,EDTA-2H,0; 0.185 mg-L~! H3BO3; 0.415 mg-L~! MnCly-4H,0; 3 x 1073
mg-L~! ZnCly; 15 X 10~* mg-L~! CoCl,-6H,0; 10~° mg-L~! CuCl,-2H,0; 7 X 102 mg-L~! NayMoO,-2H,0
and 100 mg-L~! NaHCO;. The inoculum was prepared under indoor conditions (in 5 L bottles). Since the
inoculum volume is significantly relative to the culture volume in the tubular PBR (40 L), the nutrients’
initial concentrations in the culture show deviations from the planned medium composition. Cultures were
inoculated without aseptic techniques for 5 and 10 d of outdoor culturing in 4 different assays. An initial
biomass concentration of 0.19-0.33 g-L ™! was used for all assays. Considering that microalgal cultures
were only exposed to solar radiation with 7 to 9 h-d~!, a total of 44 to 81 h of natural sunlight period was
evaluated. The experiments were performed between April and June.

NaHCO3; was added to the microalgae cultures when necessary (to avoid the limitation of
microalgal growth due to the absence of carbon in the medium). The pH was monitored (Figures 52-S9 in
the supplementary data file) and controlled to avoid the change of the culture medium (precipitation
of metals or phosphorus). When required, a 0.1 M H,SO4 solution was added to the culture medium
to control solution pH.

2.2. Experimental Setup

The cultures were inoculated in a pilot plant (see Figure 1), located on the roof of the Department
of Chemical Engineering of the Faculty of Engineering of the University of Porto. This pilot unit is
constituted by CPCs (with a total area of 4.16 m?) mounted in a fixed structure tilted 41° local latitude.
CPCs consists of two truncated parabolas with a concentration factor of around one [23,24]. Almost all
the solar radiation (direct and diffuse) can be collected and reflected around the back of the tubular
PBR, allowing the illumination of the whole tube perimeter, resulting in more uniform lighting inside it.
This installation has two storage tanks (55 and 100 L of maximum capacity), two recirculation pumps
with regulating flow rate up to 22 L-min~!, and connecting pipes. The solar collectors are composed of
four CPCs modules (1.04 m?) with five borosilicate tubes each (Schott-Duran type 3.3, Germany, cut-off
at 280 nm, internal diameter 46.4 mm, length 1500 mm and thickness 1.8 mm) connected by plastic
joints. Borosilicate glass has high ultraviolet A (UVA)-visible light transmissibility (see Figure S1 in
the supplementary data file). Reflectors are made of anodised aluminium with high reflectivity in the
UVA-visible light range. This facility can operate in two modes: (i) using the total CPCs area (4.16 m?)
or (ii) use half the CPCs area (2.08 m?) individually, thus allowing two independent experiments to be
carried out simultaneously, with the same radiation conditions. In this work, C. vulgaris was inoculated
applying the second operation mode; photobioreactors were designed as PBR; and PBR;. The working
volume was 40 L for both PBRs; the illuminated proportion was 59%.
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Figure 1. Tubular photobioreactor with compound parabolic collectors (CPCs): (a) image of the inoculated
culture; (b) scheme of the fluid flow configuration (in series, serpentine flow); (c) orientation in relation to
the sun; (d) front view of CPCs; (e) ray-trace analysis with CPCs, considering an incident angle of 90°.

Table 1 shows the experimental conditions in which the four assays were carried out. The initial
concentrations for nitrogen and phosphorous were in the range between 16.5 and 38.7 mg N-L™! and,
6.1 and 12.3 mg P-L7}, respectively. After each assay, PBRs were adequately cleaned to avoid the
contamination of the microalgal cultures by predators. Preliminary experiments have shown that solar
irradiance presents a negative effect on the microalgal culture at low biomass concentrations. To reduce
the incidence solar irradiance (mostly UV light) in microalgal cultures, the installation was covered with
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a shadow net, decreasing about 71% of the incident solar irradiance. In the Assays I and II, the shadow
net was removed for one of the PBRs to analyze the effect of higher solar irradiances on microalgal
cultures; in the Assays III and IV, the microalgal cultures in PBR; and PBR; were performed under the
same environmental conditions. Additionally, in the last assay, the medium nutrient concentrations
were doubled to evaluate this effect on microalgal culture. The UV solar irradiance was continuously
monitored by a global UV radiometer (CUV 4, Kipp and Zonen, Netherlands; Figure 1), with a spectral
response between 280 and 400 nm, mounted at the pilot plant at the same inclination (values presented
in Figures 52-59 in the supplementary data file).

Table 1. Experimental conditions for each assay.

X; [N-NO3];  [P-POS]; TIvis Iuy e
A PBR UP(h i i i
ssay ® L) mgNLD  mgPLY)  (Wm-2) (Wm2 (h)
. 1 0 0.19 22 6.7 98 7 o
2 15 0.20 20.8 8.0 162 1
I 1 22 0.33 16.5 6.2 21 15 “
2 0 0.31 16.9 6.1 82 6
1 0 0.33 26.9 8.4 101 6
m 2 0 0.33 27.9 8.6 101 6 52
1 0 0.31 38.7 123 143 9
v 2 0 0.31 38.7 122 143 9 69

PBR—photobioreactor; UP—Uncovered period (culture exposure to 100% of solar radiation intensity); X;—initial
concentration of biomass; [N-NO3~];—initial concentration of nitrate; [P-PO43~];—initial concentration of
phosphate; Iyjs—average visible irradiance; Iy;y —average ultraviolet (UV) irradiance; t.—cultivation period.

To maintain the culture temperature within the range of 15-35 °C [2,25], a serpentine connected to
a thermostatic bath was used to remove heat from the fluid inside the recirculation tanks, and water
spray over the solar collectors was used for cooling the culture inside the tubes. This variable was
monitored for all assays (see Figures S2-59 in the supplementary data file).

2.3. Methods of Analysis

Temperature (more than 4 times per day; the time and the frequency was dependent of the
ambient temperature), pH (twice a day in the morning: before and after the addition of NaHCO3),
optical density (once a day in the morning), dry weight (once a day in the morning), and UV irradiance
(continuous measurements) were monitored daily. Temperature and pH were measured using a
portable meter (8424, Hanna Instruments, Italy). The optical density of the culture at 440 nm (ODy4q)
was measured with a UV-6300 PC spectrophotometer (VWR, United States). Biomass dry weight was
determined by collecting 100 mL of the culture to a crucible and dried at 105 °C for approximately
24 h. Then, its mass was measured (m;) and placed in a muffle at 550 °C for 2 h. After this period,
the crucible was cooled outside and placed in a desiccator (1 h). Its mass was measured again (my).
The biomass concentration in dry weight was calculated by the quotient between mj-m; and the
sample volume. Based on the measurements of ODy49 and biomass dry weight concentration, it was
possible to obtain a linear relationship between these two variables based on Beer-Lambert law [26].
The biomass concentration in dry weight (g-L7!) as a function of optical density was estimated for
C. vulgaris based on the following linear regression (valid for optical densities below 0.5; for higher
values, a deviation from the linear Beer-Lambert behaviour occurs):

X = (0.32 +0.02) x ODyyg + (0.12 £ 0.02) with R> = 0.998, 1)

The photosynthetic photon flux (tmol-m~2-s71) of the visible radiation (VIS) was also measured
for two distinct meteorological conditions (clear and cloudy sky), to obtain a linear relationship that
correlates UV irradiance (I;;y, W-m™2) with VIS irradiance. Firstly, based on the Planck equation [27]
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and the VIS solar spectrum (ASTM G-173-03 AM1.5G reference spectrum [28]), the photosynthetic
photon flux was converted into VIS irradiance (Iyjs, W-m™2). After that, the VIS irradiance was
correlated with the UV irradiance according to the following linear regressions:

Iyis = (16.7 +0.3) x Iy with R? = 0.997, for clear sky, (2)

Iyis = (9.8 +0.4) X Iy with R? = 0.996, for cloudy sky, (3)

Collected samples (once a day in the morning) from the culture were centrifuged for 15 min at a
speed of 4000 rpm. After centrifugation, the liquid above the cells (supernatant) was collected and
filtered through nylon membrane syringe filters with 0.45 um porosity (Whatman, UK) and stored.
The samples were also evaluated in terms of ionic composition through ion chromatography to know
the nutrient concentrations in the culture medium. The determination of inorganic anions (F~, CI~,
NO,~, NO;~, SO42~, Br" e PO,3~) concentrations was performed in a Dionex ICS-2100 equipped with
an IonPac® AS9-HC 4 mm X 250 mm column and an anion self-regenerating suppressor (ASRS®300
4 mm). Inorganic cations (Li*, Na*, NH4*, K*, Mg2+ e Ca?*) concentrations were determined in a
Dionex DX-120 equipped with an TonPac®CS12A 4 mm x 250 mm and a cation self-regenerating
suppressor (CSRS®300 4 mm). The analysis of anions and cations involves about 12 min of reading
using isocratic elution with (30 mM NaOH)/(20 mM CH350,0OH) at a flow rate of 1.5 and 1.0 mL-min~!,
respectively. Nutrient removal was only assessed for macronutrients responsible for the microalgae
growth: nitrogen and phosphorus.

2.4. Kinetic Models

Taking into account that microalgal cultivation was carried out in outdoor conditions, the analysis
of biomass concentration was performed as a function of the cultivation time and as a function of the
accumulated energy due to visible irradiance, since the solar irradiance is not constant throughout the
day and between days. Therefore, the specific growth rates (u—h~!—or uo—L-kJ™!) and average
biomass productivities (Py 4, mg-L™!-h™!) were determined. Specific growth rates were determined
for the exponential phase of microalgal growth through Equation (4) [3,29]:

ax _ X & X = Xget, 4)
dt
where X corresponds to the biomass concentration (g-L_l) at time t (h) and Xy corresponds to the
biomass concentration at the initial time 3. The same equation was applied to determine the specific
growth rate as function of accumulated energy due to visible irradiance Qyys (kJ-L7h). Through the
specific growth rate, it was possible to identify which experimental conditions were favourable to
microalgal growth.

Average biomass productivity (Pyap, g'L71'h7!) and average nutrients removal rate (RRay,
mg-L~1-h~!) were given by the slopes obtained through the linear regression between the representations
of the biomass (X, g'L_l) and nutrients (N-NO3~ and P-PO,3~, mg-L_l) concentrations, respectively,
as a function of time (¢, h).

The daily monitoring of nutrients concentration (S, mg-L™!) in the culture medium also enabled
the determination of the pseudo-first order kinetic constants (as function of time—ksg, h~1; or as
function of accumulated energy due to visible irradiance—ks ¢, Lk by the Equation (5) [3]:

das

e, & = Spe Kt

= S S =50, ®)
The initial removal rate (rg, mg-L™"-h™! or mg-kJ™!) can be calculated using Equation (6).

The nutrient removal kinetics were also determined as a function of the accumulated energy due to

visible irradiance.
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ro = kSo, (6)

Using the determined biomass concentration and nutrient concentrations in the culture medium,
the specific biomass yields based on nutrient consumption (Yx;s, g/gs) can be calculated using Equation

(7) [3].

Yx/s = om @)

Equation (8) allows to obtain the amount of accumulated energy due to visible irradiance (Qyys ;,
kJ-L™!) received on any surface at the same position per unit volume of water inside the reactor in the
time interval At;:

— A
Quis,i = Quis, i-1 + Atilyis Vr; At; =ti—tiq, 8)

where t; is the time corresponding to the culture sample i, V' is the total volume of the PBR, A, is the area of
the illuminated surface and Iyjs is the average visible irradiance measured during the period At;.

3. Results and Discussion

3.1. Biomass Production

Temporal variation of UV and visible radiation, pH, and temperature for all assays are presented
in Figures 52-59 (in the supplementary data file). Figure 2a,b shows the evolution of the biomass
dry weight concentration as a function of the cultivation time in the PBR; and PBRy, respectively.
The variability of outdoor environmental conditions led to unusual growth curves. In some assays,
a decrease of biomass concentration on the first day was observed due to the adaptation of microalgae
(inoculum cultivated in indoor conditions) to outdoor environment (mainly due to higher light intensity
and daily temperature variability). Thus, in the Assay IV (Iuy =9 W-m™2% Ty = 143 W-m™2; Lyis, range
=3-267 W-m~2), the cultures achieved the highest biomass concentration, reaching Xuax of 0.60 g-L~!.

0.7 0.7
J(@@) (®)

0.6 L 0.6
0.5 L 0.5
0.4 " -0.4
F'_I - "__I
203 L 0.3
x | x
0.2 4 L 0.2
0.1 L 0.1
o0 rrr-+—++7+—1/7-ygr-or-o--o-—-—¢+-o—ob—r—r-r—1r—r—r—+vr—r—1+-r1+-+7—-+r+00
0O 10 20 30 40 50 60 70 8 O 10 20 30 40 50 60 70 80
Time (h) Time (h)

Figure 2. Temporal variation of biomass dry weight concentration (X) in photobioreactors (PBR;) (a)
and PBR; (b) for all assays: [—m; II—e; III—Vv; IV—¢. Error bars correspond to the standard deviation
of the mean determined for duplicates from two independent experiments.

Table 2 presents a set of parameters associated with the biomass production that allowed the
comparison between assays, as well as the comparison with studies in the literature. The specific
growth rates and the respective standard errors (dp) were determined from the fitting of the exponential
model in Equation (4) to experimental points. The average biomass productivities recorded for C.
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vulgaris ranged from (2.3 = 0.6) X 103 to(5+1)x 1073 g-L_l-h_l. These results demonstrate that
the best and the worst assays in terms of biomass productivities were IV (ITys = 143 W-m~2) and 1
(PBR;, exposed to a lower irradiance: ;s = 98 W-m™2), respectively. During the exponential growth
period, the determined specific growth rates ranged from (1.1 + 0.3) X 1072 to (2.0 + 0.6) x 1072 h~L.
Analyzing the environmental conditions experienced by each culture during this growth phase (in
Tables S1 and S2), the highest specific growth rates corresponded to an average visible irradiance in the
exponential growth phase (Iys ) of 127 W-m™2 (Iyjs, range = 3-264 W-m™~2). The effect of UV radiation
was also evaluated by several authors. Jiang and Qiu [30] cultivated Microcystis aeroginosa FACHB
854 with ultraviolet B (UVB) exposure (3.15 W-m~2 during 80 min) and observed that the potential
quantum yields of photosystem II (PSII) decreased about 86.2%. Beardall et al. [31] also observed
a severe inhibition of maximum quantum yield of PSII of Dunaliella tertiolecta with UVB radiation
of 2.8 W-m™2. Suresh Babu et al. [32] studied microalgal growth (four days of culture) with UVB
irradiation of 4, 5, and 6 W-m~2, providing to the cultures the same total energy: 2J d~!. Nostoc growth
reductions of 25 to 55% were observed, corresponding the highest decreasing values to the high UVB
irradiations. The effect of doubling nutrient concentrations in culture medium was analysed in the
Assays III and IV through the achieved specific growth rates. Thus, the growth of microalgae was
higher under the conditions of Assay IV: (i) Assay III—(1.4 + 0.3) X 102h'and (1.2 +0.2) x 1072 h™};
and (ii) Assay IV—(2.0 £ 0.6) x 107> h~! and (1.8 + 0.7) x 1072 h~L.

Table 2. Productivities and specific growth rates for each assay.

Assay  PBR (g,ff‘ff‘ﬁfl, ) R? (gf ZLR_z) Ho (LKJ) R’ (gfi“_z)
1 (23+06)x10% (12+01)x1072 0967 31x107% (74+04)x107* 0983 41x107°

! 2 (29+08)x10° (1.6+0.1)x1072 0981 41x10™* (97+06)x10™* 0979 11x10™*

1 B+1)x10°  (1.1£03)x1072 1000 99x107 (48+04)x10™* 0996 42x107°

1 2 (4+2)x10%  (15+£07)x1072 0999 75x10® (7+1)x107% 0964 12x107*

1 (4+1)x10%  (14+03)x1072 099 37x107° (8+4)x107* 0962  1.6x107*

m 2 (4+1)x1073  (12+02)x1072 0988 15x107% (7+2)x10™* 0956 1.8x107%

1 G+x1)x107°  (20£06)x1072 0992 13x107% (Z7+1)x107* 0999 59x107°

v
2 G+1)x10°%  (1.8+£07)x1072 0987 19x107% (6+2)x107* 0998 1.7x107°

PBR—photobioreactor; Px ,,—average biomass productivity; y—specific growth rate as a function of time (t) and
accumulated visible radiation (Qyys); R2—coefficient of determination; S2g—residual variance.

Figure 3a,b shows the evolution of the biomass concentration as a function of the accumulated
energy due to visible irradiance. The culture in Assay II (PBRy: Iyis = 82 W-m~2) was the one with the
lower amount of accumulated energy due to visible irradiance. Consequently, the cultures of this assay
did not show a significant increase in biomass concentration. Microalgal growth was more significant
in Assay IV in which the amount of visible radiation energy received by the PBR in the cultivation
period per unit volume was 1902 kJ-L. 1. Thus, it was possible to conclude that biomass productivity
increases with the light intensity until a particular value (143 W-m™2), from which the light radiation
becomes harmful to microalgae—photoinhibition phenomenon. Wong et al. [33] studied the effect
of UV radiation on the growth of C. vulgaris. In this study, the impact of three types of radiation
was evaluated in outdoor (during 54 h) and indoor conditions (during 10 d): (i) photosynthetically
active radiation (PAR) + UVA; (ii) PAR + UVA + UVB, and (iii) only PAR. In outdoor conditions,
the culture was exposed to mean light irradiances or photonic fluxes of: (i) UVA—3.66 to 27.98 W-m~2;
(ii) UVB—1.61 to 16.50 W-m~2; and PAR—282 to 1480 umol'm~2-s~!. This study verified that the
UVA radiation did not affect the microalga growth; however, the UVB radiation negatively affected
their growth.
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Figure 3. Variation of biomass dry weight concentration (X) as a function of the accumulated visible
energy (Qyys) in PBR; (a) and PBR; (b) for all assays: I—m; II—e; III—v; IV—¢. Error bars correspond
to the standard deviation of the mean determined for duplicates from two independent experiments.

In this study, the specific growth rates ranged from (1.1 + 0.3) x 1072 to (2.0 + 0.6) X 1072 h~L.
Lam and Lee [20] evaluated the biomass production of the C. vulgaris in a column PBR with 100 L of
capacity at indoor and outdoor conditions. In indoor conditions, the authors obtained specific growth
rates between 1.9 x 1072 and 4.8 x 1073 h~1. On the other hand, in outdoor conditions, the specific
growth rates recorded ranged from 2.1 x 1073 to 3.7 x 1073 h™1. The specific growth rates obtained in the
present study were higher than those recorded by the aforementioned study. Guo et al. [19] optimised
the CO; supply (CO; enriched gaseous streams with 2, 4 and 8%) in 80 L (8 L X 10 sets) bubble columns
for outdoor cultivation of C. vulgaris. For 2% CO, enriched air, the biomass concentration on day 7 was
1.5 g'L~! with biomass productivity of 0.18 g-L~!-d~! (7.5 x 10=3 g-L~1-h~!). The productivity has the
same order of magnitude of the values presented in this study, even being fed the culture with enriched
CO; gaseous stream (that contributes to the enhancement of autotrophic microalgal growth).

3.2. Nutrient Uptake

This section focuses on the analysis of nitrogen and phosphorus uptake by microalgae. The only
source of nitrogen added to the culture medium was KNOj;. Temporal variations of the nitrogen
concentrations in PBR; and PBR; for all assays are shown in Figure 4 (a and b, respectively). In all
assays, the N-NOj3 concentration decreased with increasing cultivation period, due to its consumption
by the microalgae. As the microalgae was not able to uptake all nitrogen added to the culture,
microalgal growth was not limited by this nutrient. In the first hours of cultivation, it was possible to
verify that nitrogen consumption was relatively low, which was due to the adaptation phase of the
microalgae to the new conditions (outdoor conditions). The cultures that showed the best inorganic
nitrogen removal efficiencies were the ones of the Assays Il and IV, being able to remove, on average,
about 19 mg N-L~! from the medium. This observation was in agreement with the achieved biomass
production. Taking into account that there was no significant increase in the concentration of biomass,
the nutrient uptake by microalgae should be low. The variation of the nitrogen concentration as a
function of the accumulated energy due to visible irradiance in PBR; and PBR; is represented in
Figure 5a,b, respectively). The Assay III (Iys = 82 W-m~2) achieved better removal efficiencies with
less accumulated energy due to visible irradiance (Qy;s = 985 KJ-L7h).
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Figure 4. Temporal variation of nitrogen concentration (N-NO3~) in PBR; (a) and PBR; (b) for all assays:

I—m; II—e; III—V; IV—¢. Error bars correspond to the standard deviation of the mean determined for
duplicates from two independent experiments.
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Figure 5. Variation of nitrogen concentration (N-NO3 ™) as a function of the accumulated visible energy
(Qyrs) in PBRy (a) and PBR; (b) for all assays: I—m; II—e; III—V; IV—4. Error bars correspond to the
standard deviation of the mean determined for duplicates from two independent experiments.

Table 3 shows the kinetics and efficiency of nitrogen removal for all assays (environmental
conditions experienced by each culture in Tables S3 and S4). Some of the parameters presented are
the initial removal rates (ry) and pseudo-first order kinetic constants (k), determined as a function of
the cultivation period (ky ) and the amount of accumulated energy due to visible irradiance (ky ).
The pseudo-first-order model was able to fit well the nitrates concentration profile over the cultivation
period and amount of accumulated energy due to visible irradiance. The kinetic constants (kx; = (3
+1)x 102 h~! and kno = (1.7 £ 0.7) X 1073 L-KJ7!) confirmed that the Assay III was the one that
obtained the best nitrogen removal performance. Additionally, the lowest temporal kinetic constant
(kn¢ = (1.0 £ 0.2) X 1072 h™1) corresponds to Assay 1. Akerstrom et al. [34] evaluated the production of
biomass and ammonium and phosphate removal by Chlorella sp. in a sludge liquor, with exposure to
solar radiation. The authors obtained nitrogen removal rates ranging from 0.53 to 1.5 mg N-L~-h~1.
Thus, the average removal rates achieved in the present study (0.14 + 0.02 to 0.51 + 0.05 mg N-L=1-h71)
were lower than the values obtained by the aforementioned study.
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The specific yields of biomass based inorganic nitrogen consumption (Yx/y) were determined and
are also presented in Table 3, allowing more comparisons with studies in the literature. Juneja [35]
evaluated the growth of C. vulgaris in batch reactors under nitrate and carbon dioxide limiting
conditions, considering the effect of light and temperature. Under these conditions, the author obtained
a specific yield of biomass for the nitrate of 2.86 g/(g N). Compared with the specific yields obtained in
the present study (4 + 2 to (2 + 1) x 10 g/(g N)), it was possible to verify that these were always higher
than the values obtained by the aforementioned author.

Regarding phosphorus, the only source added to the culture medium was inorganic: KH;POj.
The variations of phosphorus concentrations as a function of time in PBR; and PBR; are shown in
Figure 6 (a and b, respectively). In general, the phosphorus concentration decreased gradually over
time. As happened with nitrogen, the microalgal cultures did not uptake all provided phosphorus; there
was no limitation regarding this nutrient for all assays. The evolution of phosphorus concentration
as a function of the accumulated energy due to visible irradiance in PBR; and PBR;, is represented
in Figure 7a,b, respectively). Table 4 presents the kinetics parameters of phosphorus removal for all
assays (environmental conditions experienced by each culture in Tables S5 and S6). The cultures
of Assay III had the highest pseudo-first order kinetic constant, achieving the value of kp; = (2.0 +
0.1) x 1072 h~! and kpg =(9.3 £0.9) X 10~* L'kJ~!. By contrast, the lowest pseudo—first order kinetic
constant (kpy = (1.8 + 0.4) x 103 h~! and kpg = (1.0 £ 0.2) x 107 L-KJ7!) corresponded to Assay I
(PBR;). From the initial removal rates (r values), the culture of the Assay III (PBR;) was the one with
the highest value (0.17 + 0.04 mg P-L~1-h~1), even starting with lower nutrient concentrations when
compared with Assay IV. On the other hand, the culture of Assay I (PBR;) presented the lower ry
value (0.012 + 0.004 mg P-L™"-h~1). Akerstrém et al. [34] obtained phosphorus removal rates ranging
from 0.054 to 0.16 mg P L1 h~1l. Thus, it was concluded that the average removal rates obtained in
the present study ((1.1 £ 0.2) X 1072 to (1.0 + 0.2) X 107! mg P-L71h~1) were relatively close to those
obtained by the aforementioned authors.
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Figure 6. Temporal variation of phosphorus concentration (P-PO,437) in PBR; (a) and PBR,; (b) for

all assays: I—m; II — o; III—V; IV—4. Error bars correspond to the standard deviation of the mean
determined for duplicates from two independent experiments.
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to the standard deviation of the mean determined for duplicates from two independent experiments.

The specific yields of the biomass obtained in terms of inorganic phosphorus (Yxp) are also
presented in Table 4. Ruiz et al. [36] evaluated the influence of nitrogen and phosphorus removal in
urban wastewater by C. vulgaris, under indoor conditions. The authors added nutrients (NaH, POy,
NH4Cl, and KNO3) to the wastewater to test N/P molar ratios between 1.9 and 318.8. Specific yields
of biomass in terms of inorganic phosphorus ranged from 0.04 to 470.57 g/(g P). In the present study,
specific biomass yields were obtained between (8 + 4) and (2.1 + 0.6) X 10? g/(g P). Thus, it was found
that the yields obtained were within the range of values reported by the aforementioned authors,

despite the fact that this work was carried out under outdoor conditions.



Energies 2020, 13, 1962

Table 3. Nitrogen removal kinetic parameters for all assays.

13 of 18

Kinetic Parameters

T E [N—NO;;*]f RRaV Y.
Assay PBR ime nergy (mg N (mg N X/N
2 2 -1 111 (&/(gN)
knt R2 S*R TNt kn,g R? S*R TON,Q L L~th™)
(h-1) (mg?L2) (mgNL1h? LK) (ng? L-2) (mg N kJ-1)
1 (1.0 £0.2) x 1072 097  4.0x107! 0.21 +0.04 (52+0.7)x10™* 097 36x107! (1.1+02)x1072 121 014+003 (1.7+0.5)x10
I
2 (12+0.1)x 1072 099 88x1072 0.24 +0.02 (4+1)x10™* 0.90 1.5 (8+2)x1073 8.8 015+001  (1.9+0.6) x 10
1 (1.5 +0.9) x 1072 096  31x107! 02+0.1 (2.4 +0.5) x 1074 099 67x1072  (3.9+09)x107° 9.8 0.15 + 0.06 2+1)x10
I
2 2+1)x1072 096 54x107! 04+02 (1.2 +0.2) x 1073 1.00  66x102  (2.0+0.3)x 1072 8.3 02+0.1 2+1)x10
1 (2.5 +0.9) x 1072 0.97 1.4 0.7 +0.2 (1.4 +0.4) x 1073 0.96 2.0 (4+1)x1072 9.1 0.43 + 0.09 9+3
11
2 (3+1)x1072 0.96 24 0.9 +0.4 (1.7 £0.7) x 1073 0.92 5.0 (5+2)x 1072 7.2 0.51 + 0.05 8+2
W 1 (1.8 +£0.3) x 1072 0.94 6.8 0.7+0.2 (7+2)x 1074 0.91 9.0 (2.7 +0.8) x 1072 14.0 047 +0.09  (1.1+£0.3)x 10
2 (14 +0.2) x 1072 0.98 1.1 0.54 + 0.09 5+1)x107* 0.96 26 (21 +0.4) x 1072 17.3 0.37+0.05 (1.4+0.3)x10

PBR—photobioreactor; k—pseudo-first order kinetic constants for nitrogen removal as function of time (t) and accumulated energy due to visible irradiance (Q); R>—coefficient of
determination; S?g—residual variance; rg — nitrogen (N) initial removal rate as function of time () and accumulated energy due to visible irradiance (Q); [N-N O3~ ]y - final concentration of
nitrate; RR,y—average removal efficiency; ¥x/ny—biomass yield on nitrogen consumption.
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Table 4. Phosphorus removal kinetic parameters for all assays.

14 of 18

Kinetic Parameters

- [P-PO4]
Assay PBR Time Energy (mg P ! ( RRZ,“{ h-1 Ve
; 5 S mgPL ) (g/(g P)
kps R2 $’r ro,pt kpo R? S°r 70,B0 L
(1] (mg?L-2) (mgPL-th?) (LKD) (mg? L-2) (mg P1IJ1)
. 1 (1.8 £0.4) x 1073 098 25x1073 0.012 + 0.004 (1.0+£02)x10™* 097 27x1073 (6+2)x10™* 5.7 (11+£02)x1072 (2.1 £0.6) x 102
2 6.1£0.9)x 1073 098  15x1072 0.05 + 0.01 (33+02)x10™*  1.00 12x107® (26+05)x1073 5.2 (3.6 + 0.5) x 1072 (8 +2)x 10
. 1 9+4)x1073 098 1.1x1072 0.05 + 0.03 (1.3+05)x10% 097 15x1072 (8+4)x10™* 4.6 (4+2)x1072 (8 +5)x 10
2 (8+3)x1073 099  43x1073 0.05 + 0.03 (4+1)x10™* 096 19x1072 (24+09)x1073 4.8 (3+2)x 1072 (1.1 £0.7) x 102
1 (2.0 £0.3) x 1072 099 29x1072 0.16 + 0.04 (89+05)x10™*  1.00 32x1073 (7+2)x1073 33 (9 +3)x 1072 (4+2)x10
411
2 (2.0 £0.1) x 1072 1.00  67x1073 0.17 + 0.04 (9.3 +0.9) x 107 1.00 12x1072 (8+2)x1073 34 (1.0 +0.2) x 1071 (4+1)x10
w 1 (6.1+0.7)x 1073 099  1.9x1072 0.07 +0.01 (24+02)x10% 099 19x102 (29+04)x1073 8.6 6.1 +0.5) x 1072 (9 +2)x 10
2 (1.0 £0.1) x 1072 099 50x1072 0.12 + 0.02 (40+03)x10™* 099 22x1072 (49+0.6)x1073 5.5 (9+2)x1072 (6+2)x 10

PBR—photobioreactor; k—pseudo-first order kinetic constants for phosphorous removal as function of time (t) and accumulated energy due to visible irradiance (Q); R2—coefficient of
determination; S2g—residual variance; rp—phosphorus (P) initial removal rate as function of time (t) and accumulated energy due to visible irradiance (Q); [P—PO43‘]f —final concentration
of phosphorus; RRay—average removal efficiency; Yx/—biomass yield on phosphorus consumption.
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4. Conclusions

A new configuration of PBR with CPCs that enhances the light distribution in the microalgal
culture was successfully applied for outdoor cultivation of the microalga Chlorella vulgaris. In terms of
biomass production, the highest specific growth rate was (2.0 + 0.6) x 1072 h~! for average VIS and
UV irradiance levels of 143 W-m™2 and 9 W-m™2, respectively. Regarding nutrient removal, higher
nitrogen removal kinetics, both as a function of time (initial removal rate of (0.9 + 0.4) mg N-L~1-h~1)
and as a function of the accumulated energy due to visible irradiance ((5 + 2) X 1072 mg N-kJ~1), were
achieved with an average VIS and UV irradiance of 101 W-m~2 and 6 W-m~2, respectively. Under the
same environmental conditions, the initial phosphorus removal rates were 0.17+0.04 mg P-L1-h~!
and (8 + 2) X 1073 mg P-kJ~!. Microalgal growth and nutrient removal showed similar variation as
function of VIS and UV radiation; an increase was observed until a certain value (143 Wyg-m™2
9 Wyy-m~2 for biomass productivity; 101 Wyism™2 and 6 Wyy-m™2 for nutrient removal) and then
photoinhibition may occur, decreasing all kinetic parameters of microalgal culture. Considering the
best values of radiation and the spatial distribution of solar irradiance, the application of CPCs may
be beneficial for microalgal biomass production in countries with higher latitudes. On the other
hand, CPCs can also be applied to induce an environmental stress (high irradiance) to microalgae
after achieving a high density culture (in a two-step cultivation), aiming to modify its biochemical
composition for the accumulation of metabolites with high commercial value.
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Abbreviations

CCAP Culture Collection of Algae and Protozoa

CPC compound parabolic collector

ODyyg optical density at 440 nm

OECD Organization for Economic Co-operation and Development
PBR photobioreactor

PSIT photosystem II

up uncovered period

uv ultraviolet

UVA ultraviolet A

UVB ultraviolet B

VIS visible

Nomenclature

Tuv average ultraviolet irradiance

Iyis,e average visible solar irradiance in the exponential growth phase
Tyis average visible solar irradiance

Ay area of the illuminated surface

Iyy ultraviolet irradiance

Iyis visible irradiance

Iyis, range ~ Tange of visible irradiance

k pseudo-first-order kinetic constant

kst pseudo-first-order kinetic constant as function of accumulated energy due to visible irradiance
kst pseudo-first-order kinetic constant as function of time
Py av average biomass productivities

Qvis accumulated energy due to visible irradiance

70 initial removal rate

R? coefficient of determination

RRay average nutrients removal rate

S nutrients concentration

$%r residual variance

t time

to initial time

tc cultivation period

|4 volume of the photobioreactor

X biomass concentration in dry weight

Xo biomass concentration at the initial time

Yx/s specific biomass yields based on nutrient consumption
At; time interval

ou standard error

Lo specific growth rate as function of accumulated energy due to visible irradiance
Ut specific growth rate as function of time
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