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Abstract

This study compared the growth, proximate composition, and photosynthesis of Chlorella vulgaris cultures between a com-
pound parabolic concentrator (CPC) coupled to a glass tube and a plain tube without the concentrator. The system with a
concentrator increased the irradiance level on the culture by 351% and the average light intensity on cells by 462% compared
to the plain tube system. During the exponential growth phase, the growth rate of C. vulgaris was higher in the tube system
(1.14 div by day™") versus the system with a concentrator (0.98 div by day™"), but the cell size was higher in the system with
the concentrator (11.23 pm) compared with the tube system (6.28 pm). From day 2 to 4 of culture, biomass production (as
organic dry weight: 3.43 to 9.85 pg cell™!) and proximate composition (proteins: 12.13 to 31.36 pg cell™!, lipids: 10.44 to
17.55 pg cell™!, and carbohydrates: 13.04 to 38.38 pg cell™!) were higher in the system with concentrator versus tube system.
The biomass productivity (0.07 to 0.37 g L™!) and lipid productivity (1.23 to 5.94 g L~! day~!) were significantly higher
in the tube system in the same period. From a practical perspective, these results emphasize the importance of controlling
irradiance in C. vulgaris cultures and suggest that a CPC can be used for microalgae cultures to increase the irradiance and
induce stress by light. The CPC system can be used to shift the biochemical composition of microalgae cells toward the
production of fine chemicals (e.g., pigments and lipids).

Keywords Chlorella vulgaris - Compound parabolic concentrator - Biomass production - Cell composition - High
irradiance

Nomenclature KL Limits of the involute of compound parabolic
Symbol Description concentrator
BPD Biomass productivity by day (g 17! day™!) Log, Logarithm base 2
CPC Compound parabolic concentrator LPD Lipid productivity by day (g 17! day™")
F, Maximal chlorophyll fluorescence yield when ODW Organic dry weight (pg cell™!)
the reaction centers of PS II are closed r Radius of the Pyrex® tube
F, Basic fluorescence yield recorded with low t Time of the experiment (days)
measuring light irradiances TDW Total dry weight (pg cell™!)
Fv/Fm  The maximum quantum efficiency of PSII XY Coordinates in the Cartesian plane
F, The maximum photochemical quantum yield of B Growth rate (divisions day ™)
photosystem II 7 Rim angle (degrees)
LM Limits of the parabola of compound parabolic 0,1ax Acceptance half-angle of compound parabolic
concentrator concentrator (degrees)
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used for feedstock for applications in cosmetics, pharmacy,
and nutrition. Microalgal cultures are traditionally used to
produce a variety of bioactive substances, such as carot-
enoids, polysaccharides, proteins, lipids, and antioxidants.
The new application of microalgal cultures is for biofuels [1].
The Chlorophyceae Chlorella vulgaris is widely used as a
nutritional supplement, cosmetics, pharmacy, and bioenergy
feedstock due to its rapid growth rate, biochemical composi-
tion, and high tolerance to various culture conditions [2, 3].

Microalgae are organisms with rapid growth that can be
used as biofuel precursors, based on their versatile metabo-
lisms [4, 5]. The supply of uncontaminated, sustainable, and
affordable energy is one of the main goals for the next sev-
eral decades. Because 30% of the energy that is produced is
used in the transportation industry, there is an urgent need
to develop sustainable energy sources for this area. There
are various types of biofuels that are developed from plant
sources, such as crops of sugar cane, soybean, palm oil, and
rapeseed. The use of crops for the production of biofuels
competes directly with food production in terms of land and
water resources [6]. Microalgae cultures are being considered
as a new source of biofuels due to their high lipid produc-
tion, tolerance to variations in temperature, environmentally
friendly production, and simple life cycle, and the potential
for the use of wastewaters as a source of nutrients [4—6]. The
large-scale production of biofuels from microalgae is a new
endeavor, with several limitations impeding the development
of industrial biofuel production, such as growth and lipid
content, carbon dioxide absorption, light penetration, use of
artificial light, and seasonality using solar light [4-6].

Light is the driving force in photosynthesis and can
vary in intensity, photoperiod, and spectral composi-
tion—such changes influence photosynthesis, metabolic
pathways, and, consequently, growth and proximate com-
position [7-9]. The availability of light in a microalgae
culture changes throughout over time due to the inverse
relationship between light irradiance and cell concentra-
tion. Thus, it is important to provide sufficient light to
favor the growth of various microalgae species. However,
under controlled growing conditions, light is increased by
expanding the number of lamps that are used. As a result,
the economic cost of using lamps to illuminate microalgae
cultures and providing an adequate supply of light is one
of the factors that should be optimized.

Appropriate light management technologies such as spec-
tral filtration, plasmonic waveguides, spectral shifting, wire-
less light emitters, and insulated glazing have been tested to
improve light conversion efficiency and temperature control
of algal photobioreactors. Increasing light efficiency and dis-
tribution in microalgal cultures can enhance photosynthesis
and biomass production in open or closed systems [10, 11].

One option for increasing the irradiance of microalgae
cultures is the use of compound parabolic concentrator
(CPC), which has been used to concentrate solar energy,
increasing the temperature of the fluid that is irradiated.
However, the resulting temperatures generally range from
60 to 100 °C, depending on the characteristics of the system.
CPC systems have been proposed for the treatment of waste-
water and water distillation [12—15]. But, the use of these
devices to increase the irradiance of microalgae cultures has
not been developed due to these limitations.

The objective of this work was to measure the effect of
light distribution by a CPC in cultures of Chlorella vulgaris
and its influence on growth, biomass production, proximate
composition, and photosynthesis. This study is the first
attempt to use solar concentrator technology in culturing
microalgae and characterizing the quality of the biomass
that is produced.

Materials and Methods
Microalgae Strain and Culture Conditions

The Chlorophyceae Chlorella vulgaris strain Beyerinck
(Beijerinck) 1890 was obtained from the Institute of Applied
Microbiology (IAM), Tokyo University, Bunkyo-Ku, Tokyo,
Japan. Nonaxenic and monospecific batch cultures of C. vul-
garis were maintained in duplicate in 250 ml Erlenmeyer
flask with 100 ml of “f” medium [16] with tap water. The
cultures were maintained with daily manual stirring at
22 +3 °C and continuous light.

Control System: Plain Tube

Nonaxenic and monospecific batch cultures of C. vulgaris
were maintained in duplicate in 1-L Pyrex® borosilicate
tubes positioned vertically (length 45 cm, internal diam-
eter 4.6 cm, and tube thickness 0.2 cm); 1000 ml of “f”
medium [16] in tap water was added to each. The cultures
were maintained with the addition of air bubbles and no
supplementation of a carbon source. The temperature of
the culture was maintained at 22 +3 °C and pH between
8.1 and 10.8.

Experimental System: Compound Parabolic Concentrator

The experimental system consisted of a CPC vertically
aligned of 1.15 m? of reflector area (A ), 47° half aperture
angle (6.), 1.37 concentration radio (c), 90° tilt (£), and
a Pyrex® tube (length 45 cm, internal diameter 4.6 cm,
and thickness 0.2 cm) that was placed on the focal line
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Fig.1 Compound parabolic
concentrator (CPC) with a tubu-
lar receiver and its various com-
ponents: (1) reflective surface of
the CPC, (2) glass tube, and (3)
CPC stands. K-L, limits of the —_
involute curve; L-M, limits of
the parabola segment; r, radius
of the glass tube; @, rim angle;
0,,.x> acceptance half-angle of
compound parabolic concen-
trator; X-Y, coordinates in the
Cartesian plane. (a) Isometric
form of the glass tube coupled
with a CPC. (b) Cross-section
of CPC
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of the concentrator (Fig. 1a). The 1-L Pyrex® tubes were
maintained in duplicate nonaxenic and monospecific
batch cultures of C. vulgaris under similar culture condi-
tions that the described to the control system (plain tube).
The CPC comprised 2 symmetrical sections, forming an
involute curve (K-L), and a parabolic segment (L-M) that
reflected all the incident rays between 0-6,,,, toward the
tube (Fig. 1b).
The equations for the involute section are [17]

X = r(sin(g) — @cos(p)) €))]
Y = —r(@sin(@ + cos(@))) 2
0<¢ <3 +0, 3)

For the parabola curve are [17]

/240, + @ —cos(p — 0.,

X = r(sin(p) —
r(sin(p) 1+ sin(ep — 0max)

cos(@))
4
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where X and Y are the coordinates in the Cartesian plane.
Light Measurement and Simulation

For both systems (control and experimental), the light was pro-
vided in 11:13-h dark:light photoperiod. The light source was
a Sunlight Supply Inc® Sun System lamp with a Sylvania®
metal halide light bulb. Light spectra of the lamp were meas-
ured with an International Light ILTO00W spectroradiometer
between 350 and 1000 nm.

Based on the Monte Carlo Ray Tracing Method, Trace
Pro software was used to estimate the light distribution on
the perimeter of the tubes containing the C. vulgaris culture
in both systems. Incident photon flux density (PFD,) was
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measured inside at five different positions of the tubes in
both systems, with a 4 & Bioespherical Instrument radiometer
model QSL-100 (400-700 nm wavelength).

From the measured PFD,,, the average light intensity (I,,)
on cells of C. vulgaris inside the tubes was calculated fol-
lowing the model described by Evers [18], assuming that the
attenuation of the incident light intensity caused by the cell
concentration (C) obeys Lambert—Beer’s law:

by the phenol-sulfuric acid method [23]. Lipid content was
extracted using chloroform—methanol-water per Blight and
Dyer [24] and measured per Pande et al. [25].

Biomass productivity by day (BP) for each microalgae
strain was calculated as the ratio of growth rate to total dry
weight per day. Lipid productivity (LP) was calculated as the
ratio of biomass productivity and lipid content.

_ Iy 7 [”" 2 2 2.2 3
1,(0)= P / / exp{—K,C[(r = S)" cos(¢p) + [r* — (r — S)"sin“(¢)]*]} d¢p dS
o Jo

where C is the biomass concentration, r is the radius of
the vessel for both systems, /; is the incident light inten-
sity, S is the distance of a given point inside the tube wall
(0< S<r), the angle of the light path with the axis of sym-
metry of the tube is represented by ¢ (0 <¢p <2m, although
for symmetry can be used 0 <¢p <n), and K, = 0.45 m>g~'is
the absorption coefficient of daylight source for C. vulgaris
taken from the work presented by Paladino et al. [19].

Growth Rate and Cell Size

Samples of the cultures that were maintained in the sys-
tem were collected daily at different hours to measure their
growth rates. Cell concentration was measured by direct
count using a hemocytometer and log,-transformed to deter-
mine the growth rate (p) and generation time (G) per Fogg
and Thake [20].

Cell size was measured on days 0 and 4 for 10 randomly
selected cells per treatment. Cell diameter was measured
with a compound microscope at 40x using an Evolution MP
digital camera with Image Pro-Discovery (version 5.1).

Biomass Production and Proximate Composition

Samples were collected twice daily for 5 days (9 a.m and
5 p.m.). To measure total dry weight (TDW), duplicate
14-ml samples were passed through washed and preweighed
47-mm VWR® GF/C glass fiber filters (1.0-um pore), rinsed
with 10 ml ammonium formate to remove salt residues, and
dried at 60 °C to a constant weight. To determine ash content
(ASH), samples were incinerated at 450 °C for 12 h. Organic
dry weight (ODW) was calculated as the difference between
the total dry weight and ash content per Sorokin [21].

To measure the proximate composition for each culture,
triplicate 10-ml samples were washed with 7 ml ammonium
formate, passed through preweighed 24-mm VWR® GF/C
glass fiber filters (1.0-pm pore), and stored at — 20 °C until
analysis. Protein content was extracted with 0.1 N NaOH at
100 °C for 60 min and determined per Lowry et al. [22]. Car-
bohydrates were extracted with sulfuric acid and analyzed

Photosynthetic Analysis and Pigment Content

Samples were collected twice daily for 5 days. Photosyn-
thetic activity was analyzed using rapid light curves on a
pulse amplitude modulation (PAM) fluorometer (Walz, Jun-
ior PAM). The relative electron transport rate (ETR) and
maximum quantum efficiency of photosystem II (Fv/Fm)
values were obtained for each treatment [26]. The following
photosynthetic parameters were obtained from each photo-
synthetic curve: maximum relative electron transport rate
(ETRmax), photosynthetic efficiency (o), and irradiance of
saturation (Ik), per Schreiber et al. [27].

Chlorophyll fluorescence was based on measurements of
fluorescence parameters of the sample in response to saturat-
ing light in the dark or light-adapted. The maximum photo-
chemical quantum efficiency of photosystem II (F, /F,,) was
determined per Eq. 7:

v

7 7 @)

m m

F, F,—F,

where F), is the maximal chlorophyll fluorescence yield
when the reaction centers of PS II are closed due to a strong
light pulse, and F, is the basic fluorescence yield that was
recorded with low light. Fv/Fm values were obtained by cal-
culating the absorbance with the Solver program per Eilers
and Peeters [26].

The pigment samples from each culture (10-ml were
passed through 25-mm VWR® GF/C glass fiber filters and
stored at —20 °C until analysis. Chlorophyll a, b, and c1 +c2
and carotenoid were extracted with acetone and quantified
per Parsons et al. [28].

Statistical Analysis

All data were tested for homoscedasticity and normality.
Differences in growth rate, TDW, ODW, ASH, biochemical
composition (proteins, carbohydrates, and lipids), pigments
(chlorophyll a, b, and c1+c2 and carotenoids), and pho-
tosynthetic parameters (o, ETRmax, Ik, and Fv/Fm) were
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Fig. 2 Distribution of the incident light on the circumferential angle
of a culture tube with a compound parabolic concentrator (CPC) and
plain tube system (a). Cell concentration of Chlorella vulgaris cul-
tures in a tube with a compound parabolic concentrator (CPC: A)

analyzed for each variable in a triplicate set by Student’s
t-test with OriginPro® 8.5. When significant differences
were detected, Tukey a posteriori test was used. The signifi-
cance level for all analyses was set to p <0.05.

Results and Discussion
Light Analysis

The incident radiation with the use of the CPC (Fig. 2a)
makes it possible to illuminate the circumferential region of
the culture between 180 and 360°, unlike the plain tube in
which the same circumferential section remains unillumi-
nated. According to the analysis of incident light distribu-
tion on the perimeter of the tube containing the C. vulgaris
culture, it was expected an increment of 483% in the system
with CPC compared to the plain tube. This increase of irra-
diance is due to the contribution of the reflective surfaces
that direct the incident radiation to the bottom surface of
the tube between 180 and 360 degrees (Fig. 2a). However,
the measured values reflect an increase of 351% (132 and
464 Wm~? for the plain tube and the system with CPC,
respectively). The difference between the simulated and
the measured values is attributed to the fact that the theo-
retical value is obtained assuming ideal conditions in the
concentrator construction and practice, and there are opti-
cal losses due to imperfections in the curvature of the con-
centrator surfaces. As expected, Fig. 2b shows that I,y cpc
had higher values during all the experiments than I,y tygg

@ Springer

and plain tube system (@). Average light intensity calculated inside
the C. vulgaris cultures (I, cpc: A) and plain tube system (I, tygg:
O) (b)

showing a mean I,y cpc=2.45 W m~2 while the mean
Ly, rue=0.53 W m™2,

Growth Rate and Cell Size

The cell concentration of C. vulgaris for both systems was
similar for the first 28 h of culture, after which it increased
in the tube until day 4 (22.33 x 10° cell m1~!). In contrast, the
CPC culture reached a steady state after day 2, with mean
values of 2.74 x 10 cell mI~! (Fig. 2).

The growth rate was significantly higher (p < 0.05) in the
tube system (1.14 divisions day~!) compared with the CPC
system (0.98 divisions day~!) (Table 1). The generation time
was significantly higher in the CPC (1.02 days) (p <0.05)
versus tube system (0.87 days) (Table 1).

The cells were 44% significantly larger (p <0.05) in
C. vulgaris cultures that were maintained in the CPC

Table 1 Growth rate (u: divisions day"), generation time (Gt: days),
and initial and final cell size (um) of Chlorella vulgaris cultures
maintained in a tube with a compound parabolic concentrator (CPC)
and a plain tube system

System u Gt Size

Initial (day O) Final (day 4)
CPC 0.98+0.02b 1.02+0.0la 548+1.15a 11.23+2.09a
Tube 1.14+0.03a  0.87+0.03b 5.48+1.15a 6.28+1.17b

Values with lowercase letters indicate significant differences between
the systems. Student’s t-test, =0.05: a>b. Mean values+SD, n=3
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(11.23 pm) compared with the tube system (6.28 um)
(Table 1).

The CPC system delivered 351% more irradiance to C.
vulgaris cells than the tube system. The similar cell con-
centrations in the 2 systems on the first day of the culture
were attributed to the acclimation of the cells to the irradi-
ance. In the CPC system, after 2 days of culture, the cell
concentration of C. vulgaris was maintained because the
cells adapted their growth and metabolism to survival at the
high irradiance level (2134.4 umol photons m~>s~!, or 464
Wm~2) with regards to the tube system (607.2 pmol photons
m~2 57!, or 132 Wm™), as evidenced by the lower growth
rate and higher generation time.

The light intensity inside both culture systems was
attenuated by absorption and shadow effect by others cells
(Fig. 2b). The most important growth factor for phototrophic
microalgae is light, which supplies the energy for microal-
gae biomass production [29, 30]. The light intensity that
affected the cultures is measured inside; however, only a
few works measured inside the cultures. The light intensity
inside the culture is attenuated by absorption and shadow-
ing by other cells [29]; this effect varies due to the effect
of time of culture and the characteristics of the cells (size,

pigments, concentration) and others related with the culture
system (size, mixing).

The availability of light alters the growth rate, biomass
production, and chemical composition in photoautotrophic
microalgae cells [31, 32]. When C. vulgaris is maintained
under various light regimens, high irradiance (100 pmol
photons m~2 s~!) and the 16:8-h light:dark photoperiod at
25 °C elicit the maximum growth rate (1.13 divisions day ™)
[33], similar to the values that were obtained with C. vul-
garis in the tube in this study (1.14 divisions day~') with
an 11:13-h light photoperiod at 22 +3 °C. The growth of
several microalgae species usually increases proportionally
to the rise in irradiance levels until saturation intensity is
measured, after which photoinhibition is observed. However,
saturation intensity and photoinhibition are species-specific
and depend on the light:dark photoperiod. For Desmodesmus
sp., the biomass productivity increased with temperature and
irradiance, and the optimal level of biomass productivity
(0.76 g L=1 d~!) was obtained at 35 °C and 700 pmol pho-
tons m~2 s~! [34]. The optimal light intensity (400—700 nm)
for the most microalgae are among 10 to 250 pmol photons
m~s™!, and direct sunlight yields up to 2000 pmol photons
m™s7" [35].

Fig.3 Biomass production
and proximate composition

of Chlorella vulgaris cultures
maintained in a tube with a
compound parabolic concen-
trator (CPC) and plain tube
system. Values with lowercase
letters indicate significant
differences between systems.
Student’s t-test, x=0.05: a>b.
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The increase in the size of C. vulgaris cells in the CPC
system on day 4 of culture (79%) was due to a decline in
growth in response to high irradiance levels compared with
the tube system. The size of C. vulgaris cells can be modi-
fied by culture conditions, as reported by other groups [36,
37]. In previous studies on C. vulgaris cultures, an increase
in cell size corresponded to a decrease in growth when the
cells were maintained under yellow (16.29 pm) versus white
light (14.84 pm) [36].

Biomass Production and Proximal Composition

The ODW of C. vulgaris on day 0 was the same for the CPC
and tube systems (Fig. 3). In the CPC system, the ODW val-
ues were significantly higher after day 2 (p <0.05). In con-
trast, for the tube system, the values were similar throughout
the culture time after day 2 (Fig. 3). The TDW trended simi-
larly as ODW (Fig. 3) for both systems. The ash content was
significantly (p <0.05) higher in the CPC system (Fig. 3).

The rise in TDW, ODW, and ash content of C. vulgaris
in the CPC system from day 1 to 4 was attributed to slower
growth and, consequently, an increase in cell size; in the tube
systems, the cells were smaller with low TWD, ODW, and
ash content values, due to higher growth. TDW values for C.
vulgaris in the CPC system were similar to reported values
for this species, when maintained at a similar temperature
with low irradiance (100 pmol photons m~2 s~!) and various
culture media (Chu 10, WC, and LC) [38] or when used for
food waste compost as an organic nutrient source [39]. How-
ever, the TDW for C. vulgaris cells in the tube system were
lower due to the small cell size and increase in growth rate.
The higher ash content of C. vulgaris cells in the CPC sys-
tem was due to the rise in inorganic components in response
to the low growth rate.

Until day 2 at 9:00 a.m., the protein content did not differ
significantly (p > 0.05) between systems. However, from day
4 to day 5, the protein content increased rapidly in the CPC
system (Fig. 3). The lipid content also differed significantly
(p <0.05) between systems—higher in the tube system until
day 2 at 9:00 a.m., after which the CPC system had greater
levels (Fig. 3). Carbohydrate content was significantly higher
(p <0.05) in the tube system until day 1, after which it rose
quickly in the CPC system (Fig. 3).

The CPC system-generated C. vulgaris cells with ele-
vated levels of all components of their proximate composi-
tion (proteins, carbohydrate, and lipids) from day 2, due to
the higher irradiance in this system (2134.4 pmol photons
m~2s~!, or 464 Wm™?) versus the tube system (607.2 pmol
photons m~2 s~!, or 132 Wm™2). The high protein, carbo-
hydrate, and lipid content per cell for C. vulgaris in the
CPC system were attributed to the cell concentration being
maintained at similar levels throughout the culture, with a
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constant growth rate, and favoring the synthesis of basic
components instead of division. C. vulgaris cells in the CPC
system remained metabolically active despite the high irradi-
ance in their culture.

The similar content of lipids in C. vulgaris cells in the
CPC systems is possibly attributed to high stress due to the
high irradiance, inducing and maintaining lipid synthesis
throughout the culture. The higher lipid levels in cells in
the CPC versus tube system correspond to the general trend
that has been described for several microalgae strains that
are maintained under high irradiance. In certain microalgae
strains, light irradiance (350 to 700 pmol photons m2sh
favors the overproduction of lipids, due to the excess
energy that is used for storage products. For the cultures of
Dunaliella viridis, total lipids per cell and acetone-mobile
polar lipids decreased with light irradiance (35, 250, 700,
1500 pmol photons m~2 s~!), while the percentage of sterols
and triglycerides increased with increasing irradiance used
[40]. For C. vulgaris cultures, the increase in light intensity
with red and white light LEDs lamps (130, 260, 390, and
520 pmol photons m~2 s~ resulted in faster growth rates
(0.36 day_]) and higher lipid content (up to 22%) [41]. Lipid
synthesis requires an excess of ATP and NADPH, which
are produced by photosynthesis, protecting microalgae cells
from photochemical damage. The accumulation of lipids in
microalgae cells occurs only when the availability of carbon
exceeds the demand for starch synthesis [40].

When maintained at high levels of irradiance, various
species of microalgae alter their metabolism, increasing their
synthesis of lipids and fatty acids. The irradiance levels that
are used to induce lipid synthesis in microalgae cultures are
species-specific [42]. In C. vulgaris (University of Goettin-
gen, Germany) that was maintained in basal medium, light
intensity (solar irradiance) in September (598.7 pmol pho-
tons m~2 s~!, or 131.9 Wm™2 and between 28 and 32 °C)
and June (851.4 pmol photons m~2 s!, or 186.3 Wm™2
and between 30 and 36 °C) did not significantly affect the
protein, fiber, moisture, and ash content of the cells. How-
ever, the nitrogen-free extract content decreased with higher
light irradiance, whereas lipid content rose significantly. The
increase in red light irradiance improved the growth rate
and lipid content, whereas protein, fiber, ash, and moisture
levels remained constant [41]. Chlorophytes usually produce
significant amounts of lipids and carbohydrates, demon-
strating their potential in the coproduction of biodiesel and
bioethanol [43, 44]. The high irradiance in the CPC system
increased lipid production by C. vulgaris cells.

After day 2, the biomass productivity (p <0.05) and lipid
productivity (p < 0.05) were significantly higher in the tube
system throughout the culture (Fig. 4).

The lower BP and LP values of C. vulgaris in the CPC
system resulted from the high irradiance, similar to cultures
of C. sorokiniana that were maintained with M-8 medium
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and continuous illumination of 2100 pmol photons m=2 s~
with red light diodes (LEDs). The light intensity that was
used was similar to the maximum irradiance on a horizon-
tal surface at latitudes below 37°. C. sorokiniana was not
inhibited with the high light irradiance that was used, and
biomass production increased with higher dilution rates [45].
The low values of BP and LP in the CPC system are due to
the low growth produced after day 2, where the cells are
maintained under high irradiance that produces inhibition
of growth of C. vulgaris due to photoinhibition.

Photosynthetic Analysis and Pigment Content

Chlorophyll a (p <0.05), b (» <0.05), and c1 + 2 (p <0.05)
levels decreased significantly throughout the culture in both
% . systems (Fig. 5), but chlorophyll a was significantly higher

. (p <0.05) in the tube system (Fig. 5). In general, chlorophyll
b (p<0.05) and c1 +c2 (p <0.05) levels were higher in the
4 CPC system (Fig. 5). Carotenoid content decreased signifi-
cantly (p <0.05) until day 2 in both systems (Fig. 5), after
which it was higher in the CPC system (Fig. 5).

Usually, cultures that are maintained under high irradi-
ance have higher growth rates, but chlorophyll a content
decreases due to the reduction in antenna units to harvest

Fig.4 Biomass and lipid production of Chlorella vulgaris of cultures light. Algal spec%es, cell size, g.e.ometry, all.d phySiol(.)gi—
maintained in a tube with a compound parabolic concentrator (CPC)  cally controlled pigment composition determine the optical

and plain tube. Values with lowercase letters indicate significant dif-
ferences between the two culture systems. Student’s t-test, «=0.05:

a>Db. Mean values+SD, n=3

Fig.5 Pigment content of
Chlorella vulgaris cultures
maintained in a tube with a
compound parabolic concen-
trator (CPC) and plain tube
system. Values with lowercase
letters indicate significant
differences between systems.
Student’s t-test, «=0.05: a>b.
Mean values +SD, n=3

~0.451

properties of phytoplankton cells [46]. In C. vulgaris that
was maintained under various irradiances (37.5 to 100 pmol
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photons m~2 s7!), the chlorophyll a content (pg ml~!) was
lower at high irradiance, whereas p-carotene had an inverse
pattern [33].

The effects of irradiance and temperature were studied in
photobioreactor cultures of Chlorella sorokiniana (UTEX
2805)—free and immobilized with the bacteria Azospirillum
brasilense—at 40 °C. As a result, the chlorophyll a content
increased at high irradiance (2500 pmol photons m™2 s 1)
for free cells and co-cultures (~45 ng cell™! x 10°) versus
low irradiance (60 pmol photons m™2 s~!) (~20-30 ng
cell™! x 10°). Chlorophyll b content trended similarly as
chlorophyll a [47].

Microalgae cells usually require an adaptation period
when they are transferred to different irradiance levels [48].
C. vulgaris cultures that were maintained in the CPC and
tube systems were not acclimated to the irradiance that was
used. When C. vulgaris was maintained at high irradiance,
the chlorophyll content per cell rose in the CPC system, due
to the increase in cell size in this system.

The increase in carotenoid content of C. vulgaris cells in
the CPC system from day 2 to 4 was attributed to the synthe-
sis of photo-regulating pigments that are photo-protective,
dissipating excess light through a non-photochemical pro-
cess called the xanthophyll cycle [48].

The photosynthetic efficiency (o) of the CPC system was
significantly higher (p < 0.05) after day 2, except at the end
of day 4 (Fig. 6). The maximum relative electron transport
rate (ETRmax) did not show a clear pattern throughout the
culture in either system (Fig. 6). Generally, the ETRmax
increased in the CPC system (Fig. 6). The irradiance of satu-
ration (Ik) was significantly higher (p <0.05) in the tube

system on days 2 and 3 of the culture. Fv/Fm was also sig-
nificantly higher (p <0.05) in the tube system (Fig. 6).

The maximum quantum efficiency of PSII (Fv/Fm) gives
insights into the photosynthetic capacity of cells under vari-
ous conditions and could be a marker of their physiological
status and the impact of environmental conditions [49, 50].
Fv/Fm values of C. vulgaris cells in the CPC system were
lower (0.25 to 0.45) from day 1 to 4, versus the tube system
(0.65 to 0.69). With regard to the photobiochemical changes
in Chlorella vulgaris during conversion from heterotrophic
to phototrophic growth, after exposure to light, the cells
experienced significant electron transport activity, with Fv/
Fm values between 0.70 and 0.80 [49]. The Fv/Fm values
for the tube system were similar to what was reported by
Baker [49].

Many groups have stated that for several microalgae
groups, Fv/Fm values of approximately 0.65 are indicative
of cells without stress and that a decrease in Fv/Fm is indica-
tive of stress [49, 50]. For 14 species of marine microalgae
without stress condition, Fv/Fm varies from 0.43 to 0.72 and
the sequence of different genus of algae was Chlorophyta
(0.71) > Cryptophyta (0.62) > Bacillariophyta (0.60) > Xan-
tophyceae (0.54) > Pyrrophyta (0.51) [50]. The Fv/Fm val-
ues for C. vulgaris in the tube system corresponded to those
for Chlorophyta, but in the CPC system, lower values were
obtained for this genus.

When C. vulgaris was grown in a biofilm reactor under
mixotrophic conditions at 28 °C, with M8-a medium and
80 pumol photons m~2 s~!, CO, was generated internally and
reduced to carbohydrates or lipids. The values of photosyn-
thetic parameters throughout the culture were as follows: Fv/

Fig.6 Photosynthetic param-
eters of Chlorella vulgaris
cultures maintained in a tube
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Fm 0.64 to 0.69, ETRmax 53 to 77, « 0.19 to 0.27, and Ik
194 to 375. It was concluded that under mixotrophic growth
conditions, autotrophy in C. vulgaris is not limited by glyc-
erol and is fully complemented by heterotrophic metabolism
through a cycle in which photosynthesis utilizes the CO,
that is released by respiration in the presence of glycerol
and urea [51]. Compared with the photosynthetic parameters
that were obtained by Rincon et al. [52], C. vulgaris had
similar Fv/Fm values in the tube system and lower values
in the CPC system, but Ik values were higher and ETRmax
and o were lower in both systems. The lower Fv/Fm values
in the CPC versus tube system indicated that the former is
under stress conditions due to the higher light irradiance.
The photosynthetic response of C. vulgaris to short-term
UV-B radiation (280-315 nm) shows that with higher UV-B
doses, Fv/Fm decreases from 0.65 to 0.20, and chlorophyll
content declines from 1.28 to 1.05 mg m~> [53]. Light inten-
sity was used to improve lipid synthesis in Chlorella sp.
HS2 for biodiesel production; this stress was induced by
excessive irradiance from 50 to 900 pmol photons m=2 s~ .
As aresult, the ETRr increased from 16.65 to 32.2, and Fv/
Fm values decreased from 0.68 to 0.54. In the exponential
growth phase, lipid content correlated inversely with irradi-
ance level, but during stationary growth, the lipid content
level increased directly with the increase of irradiance level
[54].

Only 1 study has examined a microalgae culture in a
CPC system, measuring the effects of ultraviolet and vis-
ible radiation on Chlorella vulgaris in a new photobioreac-
tor configuration. The maximum biomass production was
5+1x107* g 17" h7!, and the specific growth rate ranged
from 1.1 x 1072 to 2.0x 102 h™!. Nutrient uptake of nitro-
gen and phosphorous increases with visible and ultraviolet
irradiance (to 143 Wvis m~> and Wuv m™2 for biomass pro-
duction 143 Wvis m~2 and Wuv m~2 for nutrient removal)
and then decreases due to photoinhibition. The authors
examined the use of a CPC system for microalgae cultures
and its potential use in countries with higher latitudes and
lower solar irradiance levels [55]. The previous study did
not measure the proximate composition or photosynthesis
of C. vulgaris cells but constitutes the first use of CPC in
outdoor microalgae cultures, necessitating further evaluation
for application in aquaculture, biotechnology, pharmacology,
and cosmeceuticals.

The assays for the CPC and tube systems were performed
inside of a laboratory, with temperature-controlled by an
air conditioner at 22 + 3 °C. Temperature is one of the most
important factors that affect the growth, proximate compo-
sition, and photosynthesis of microalgae cells. The optimal
temperature for C. vulgaris is 30 °C, with which greater
biomass production can be obtained [56]. When the cells of
C. vulgaris were maintained at 35 °C, the growth decreased

17% compared with cultures at 30 °C. Temperatures above
38 °C cause C. vulgaris to die [57]. The use of CPC systems
produced an increase in temperature due to the rise in irra-
diance [12-15]. This study used temperatures that permit
the growth of C. vulgaris. But, if the CPC system is used
for outdoor conditions, the temperature will increase and
must be controlled with water to maintain the temperature
in the appropriate range for the species that is used in the
CPC system.

Conclusions

The use of the CPC system increases the irradiance level
to the culture of C. vulgaris with regards to the plain tube
system. The growth rate during the exponential growth of C.
vulgaris was higher on the tube versus CPC system, but the
cell size increased more in the latter. From day 2 to 4 of the
culture, biomass production—in terms of organic dry weight
and proximate composition (proteins, lipids, and carbohy-
drates)—was higher in the CPC versus tube system. Based
on the photosynthetic parameters and maximum quantum
efficiency of PSII (Fv/Fm), C. vulgaris cells that were main-
tained in the CPC system were under stress, due to the high
irradiance that was used. From a practical perspective, these
results emphasize the importance of controlling the irradi-
ance in C. vulgaris cultures and demonstrate that CPC sys-
tems can be used for microalgae cultures to improve the
distribution of the irradiance on the culture to induce stress
by light. Further, this system can be used to modify the bio-
chemical composition of microalgae cells for the production
of biofuels and fine chemicals (e.g., pigments and lipids).
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