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Abstract
Batch growth and β-carotene production of Dunaliella salina CCAP19/18 was
investigated in flat-plate gas-lift photobioreactors with a light path of 2 cm, oper-
ated in physically simulated outdoor conditions. Dunaliella salina CCAP19/18
showed robust growth with respect to pH 8.0-9.0 and 15–35◦C at increasing
salinity, simulating the evaporation of open photobioreactors. The highest β-
carotene concentration of 25 mg L-1 (3 mg gCDW−1) was observed in batch pro-
cesses at pH 8.5, 15–30◦C and increasing salinity up to 110 g L-1, simulating a typ-
ical Mediterranean summer climate. Intracellular β-carotene accumulation of
D. salina CCAP19/18 was shown to be independent of light availability, although
nutrient limitation (K2HPO4, MgSO4, and/or ammonium ferric citrate) seems
to enable stable β-carotene content in the algal cells despite increasing cell den-
sities in the photobioreactor. Fully controlled, lab-scale photobioreactors simu-
lating typical climate conditions of any region of interest are valuable tools for
enabling a realistic characterization of microalgae on a laboratory scale, for pro-
duction processes projected in open photobioreactor systems (e.g. thin-layer cas-
cade photobioreactors).
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1 INTRODUCTION

CO2-neutral sources of chemicals are becoming increas-
ingly popular due to rising CO2 emissions and the result-
ing globalwarming [1].Microalgae are one promising alter-
native to fossil resources, as they use CO2 and light for
growth [2–4]. Microalgae enable higher solar energy yields
compared to plants, and can be produced in suitable cli-
mate zones throughout the whole year [5–8] making use
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of seawater or wastewater [9, 10]. If non-arable land is used
for the production of microalgae biomass, there will be no
competition with agriculture [11].
β-carotene is a tetraterpene with eleven conjugated dou-

ble bonds. Thus, it is able to absorb visible light and
appears red-orange [12]. In photosynthetic active cells,
it serves as an accessory pigment, and offers protection
from oxidation reactions [13]. β-carotene can be used as
a colorant, food and feed additive or as precursor for the
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production of aromatic antioxidants for aviation fuels
[14–16]. Even though the all-trans form of β-carotene can
be synthesized chemically [17], there are advantages of
the naturally produced β-carotene composition, such as
its higher antioxidative capacities [15]. The global market
value of β-carotene in 2015wasUSD432.2million,whereby
USD 164.2 million worth of this β-carotene was extracted
from algae [18].
Dunaliella salina, a photoautotrophic and halotoler-

ant microalga, is known for the ability to accumulate β-
carotene. As D. salina tolerates salinities up to saturation
concentrations> 300 g L−1 NaCl [19], it is particularly suit-
able for outdoor cultivations with seawater, resulting in
increasing salinity due to evaporation. The large-scale pro-
duction ofD. salina is carried out either in shallow lagoons
without mixing or in raceway ponds mixed with paddle
wheels [20].
β-carotene accumulation in D. salina can be induced

by increasing salinity, increasing photon flux density or
nutrient limitations [21–23]. Final carotenoid concentra-
tions of 8.6 mg L-1 and 21 mg L-1 have been reported with
D. salina CCAP19/18 cultivated in shaking flasks [24], and
Roux bottles [25], respectively. This corresponds well to
the carotenoid concentrations of 19–20 mg L-1 measured
in open raceway pond cultivations of D. salina at cell
dry weight concentrations of 0.33–1.2 gCDW L-1 [26, 27].
Increasing the final biomass concentrations of D. salina in
the photobioreactor would be beneficial in terms of reduc-
ing the costs for isolation of the intracellular β-carotene
[28]. As raceway ponds limit algal growth due to high cul-
ture depths and resulting light limitations, open systems
with a much smaller culture depth can be an alternative.
Open thin-layer cascade photobioreactors enable cell dry
weight concentrations of up to 50 gCDW L-1 with a culture
depth of only 6 mm [29, 30]. In these studies the scale
up of laboratory scale processes performed in flat-plate
photobioreactors to the pilot scale operated in thin-layer
cascade reactors could be shown with the scale-up crite-
rion ’mean integral photon flux density’ despite the dif-
ferences in geometry and power input. A detailed descrip-
tion and table of the geometric differences can be found
in [29].
A high β-carotene content of 27mg gCDW−1 was reported

with D. salina applying a flat panel photobioreactor oper-
ated as turbidostat at constant incident photon flux
densities of 200 μmol m-2 s-1 and nitrogen depletion [31].
So far, growth and carotenoid production with D. salina
was studied on a laboratory scale keeping all state vari-
ables constant, e.g. light intensity, temperature and salinity
[32–36]. However, outdoor conditions are subject to day
and night cycles of incident light and temperature. If sea-
water is used for the cultivation of D. salina, an increase
of salinity is inevitable due to the evaporation of water.

PRACTICAL APPLICATION

Outdoor cultivations of microalgae are subject
to variations of temperature and incident pho-
ton flux densities due to day and night cycles.
As evaporation occurs due to the usual unsatu-
rated air humidity, an increase in salinity in the
water phase of the photobioreactor is unavoidable
during long-term operation. Unfortunately, most
studies on the process performances of microal-
gae keep these important state variables con-
stant, for example with studies of the halotolerant
microalga Dunaliella salina, known as a producer
of ß-carotene, which is used industrially as a col-
orant, food and feed additive. Consequently, day-
night cycles imitating typical Mediterranean cli-
mate conditions in terms of light and temperature
were applied in this study to investigate growth
and β-carotene production of the strain D. salina
CCAP19/18 in well-defined, flat-plate gas-lift pho-
tobioreactors at increasing salinity, simulating the
evaporation of open photobioreactors, and thus
enabling a more realistic characterization of the
process performance of this microalgal strain.

Consequently, day-night cycles imitatingMediterranean
climate conditions in terms of light and temperature will
be applied in this study to investigate growth and β-
carotene production of the strain D. salina CCAP19/18
given increasing salinity and varying pH set-points. Fully
controlled, flat-plate gas-lift photobioreactors will be used
in parallel on a lab-scale because the possibility of scaling
up microalgal cultivation processes from flat-plate biore-
actors to open thin-layer cascade reactors has already been
demonstrated [29]. Increasing salinity as a consequence
of evaporation compensation with seawater in open thin-
layer cascade reactors will be simulated by NaCl additions,
based on published evaporation rates as a way of applying
a typical Mediterranean summer climate [30].

2 MATERIALS ANDMETHODS

2.1 Microalgal strain and seed culture
preparation

The photoautotrophic strain D. salina CCAP19/18 was
obtained from the Culture Collection of Algae and Proto-
zoa (CCAP) in Scotland. Shaking flask cultivations were
used for strain maintenance at continuous photosynthetic
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TABLE 1 Differences in composition of the media “BG11+”
and “BG11 Biomass” used in the batch processes compared to BG11
medium applied for seed culture preparation

Component BG11 BG11+ BG11 biomass
NaCl, g L-1 35/50 35 35
NaNO3, mg L-1 1500 6000 3750
K2HPO4, mg L-1 40 80 240
MgSO4 ⋅ 7 H2O, mg L-1 75 75 600
Ammonium ferric
citrate, mg L-1

6 6 12

active irradiation of 83±17 μmol m−2 s−1 between 400 and
750 nm and a constant temperature of 25◦C with BG11
medium [37]: 50.0 g L-1 NaCl; 1.5 g L-1 NaNO3, 0.04 g L-1
K2HPO4, 0.075 g L-1 MgSO4 ⋅ 7 H2O, 0.036 g L-1 CaCl2 ⋅ 2
H2O, 0.006 g L-1 citric acid, 0.001 g L-1 Na-EDTA, 0.006 g L-1
ammonium ferric citrate, 0.02 g L-1 Na2CO3 and 1.0mLL−1
trace solution A-5 [37].
Bubble column reactors were used for seed culture

preparation with 10 L h−1 CO2/Air (5/95 % (v/v) applying
the same irradiation and temperature as before using BG11
medium with 35.0 g L-1 NaCl in a modified Profors incu-
bator (Infors, Bottmingen, Switzerland) [38, 39]. After two
weeks, the cells were centrifuged (3260 g, 15 min; Rotixa
50RS, Hettich, Tuttlingen, Germany) at cell densities of 0.7
- 1.0 gCDW L-1, resuspended in fresh medium and used as
inoculum for batch processes in flat-plate gas-lift photo-
bioreactors.

2.2 Batch cultivations of D. salina in
flat-plate gas-lift reactors

Batch processes were performed in flat-plate gas-lift pho-
tobioreactors (Labfors Lux 5, Infors HT, Bottmingen,
Switzerland) with initial cell dry weights of between 0.2 -
0.3 gCDW L-1. The flat-plate gas-lift photobioreactors with
a light path length of 2 cm and an LED illuminated sur-
face area of 0.09 m2 were operated with a working vol-
ume of 1.8 L of modified BG11 media with 35.0 g L-1 NaCl.
The differences in composition between BG11 medium
and the modified BG11 media are listed in Table 1. Both
modified media (“BG11+” and “BG11 Biomass”) contain
higher nitrate and phosphate concentrations in order to
achieve higher biomass concentrations. In addition, the
“BG11 Biomass” medium has increased sulfate and iron
concentrations which were added to fulfil elemental bal-
ances based on the composition of marine microalgae
[40, 41].
Mixing and gassingwere achievedwith 2NLmin−1 CO2-

enriched sterile air, enabling gas-lift operation. The CO2

F IGURE 1 Day-night cycles of temperature, incident irradiance
and salinity applied in batch cultivations ofD. salina in flat-plate gas-
lift reactors. (A) Temperature (−) and incident irradiance (−) profile
data of June 15, 2012 in Almería, Spain were applied repetitively. (B)
The salinity increased from 35 g L-1 NaCl up to 280 g L-1 in 10 days
(solid line) and from 35 to 110 g L-1 in 3.3 days and subsequent con-
stant salinity (dashed line) or was maintained at 35 g L-1 NaCl (dash-
dotted line). The two arrows mark the final salinities of batch culti-
vations with a shorter process time (160 and 200 g L-1 NaCl)

content of the inlet gas was varied between 0 and 10 % v/v
to control the pH in the photobioreactors.
Temperature and irradiation data from June 15, 2012 in

Almería, Spain (Figure 1A) were applied repetitively for
all batch cultivation processes with D. salina. If not stated
otherwise, the temperature ranged between 15 and 30◦C,
whereas the photosynthetic active incident photon flux
density in a wavelength range of 400 to 750 nmwas altered
from 0 to 1850 μmolm-2 s-1. The light spectrum of the LEDs
(Labfors 5 Lux, Infors HT, Bottmingen, Switzerland) was
“warm white” and is shown in the supporting informa-
tion along with the light spectrum ASTM G173-03 of the
sun [42]. Even though spectra of the relative photon flux
densities in laboratory and pilot scale differ slightly ([30],
compare supporting information), scale-up was shown to
be successful by using the photosynthetic active radia-
tion [29]. Three different salinity profiles were applied, as
shown in Figure 1B. The different profiles referred to a ref-
erence process at constant seawater salinity (35 g L-1 NaCl),
an increase in salinity from 35 to 280 g L-1 NaCl and an
increase in salinity up to 110 g L-1 NaCl with subsequently
constant salinity. The slope of the salinity increase was
23.1 g L-1 d−1 and was estimated based on the compensa-
tion of evaporation rates (∼4.2 L m-2) in open thin-layer
cascade photobioreactors (illuminated surface: 8m2,work-
ing volume: 50 L) with seawater of 35 g L-1 NaCl [30]. Some
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batch processes (e.g. pH and temperature variations) were
finished earlier, so the salinity at the end of the process
resulted in 160 g L-1. As evaporation is highest during the
day and relatively low at night, 3.9 g L-1 salt was added six
times a day after sampling. Batch processes were gener-
ally conducted once. In order to show reproducibility, one
batch process (pH 8.5, BG11+-medium, increased from 35
to 200/280 g L-1) was repeated a second time.

2.3 Cell dry weight concentrations and
growth rates

The optical density was measured in triplicate six times a
day – about every two hours during illuminated conditions
– at 750 nm (OD750), using a single-beam spectrometer
(Genesys 10S UV-VIS, Thermo Fisher Scientific Inc.,
Waltham, USA) with an optical path length of 10 mm.
In order to correlate OD750 with the cell dry weight con-
centration, one 5 mL sample of the microalga suspension
was taken twice a day. The cells were centrifuged (10 min,
15 000 g), (Rotixa 50RS, Hettich, Tuttlingen, Germany)
washedwith deionizedwater, centrifuged again (Mikro 20,
Hettich, Tuttlingen, Germany) and dried for 48 h in pre-
dried reaction tubes. OD750 and cell dry weight concentra-
tions (cX) were linearly correlated for each batch process.
The specific growth rates μ were estimated each day

during exponential growth, applying the Matlab R2020a
function ‘fit’ of the curve fitting toolbox to identify the
parameter μ of Equation 1.

𝑐𝑥 (𝑡) = 𝑐𝑥,0 ⋅ 𝑒
(𝜇⋅𝑡) (1)

The 95% confidence interval for the growth rate was
determined using the function ‘confint’ (Matlab R2017a,
Mathworks, Nattick, Massachusetts, USA).

2.4 Salinity

The salinity was measured at least twice a day in sin-
gle determination after salt additions, using a seawater
refractometer (HI 96822, Hanna Instruments Deutschland
GmbH, Vöhringen, Germany). Samples were diluted to 0–
50 g L-1 NaCl.

2.5 Extraction and analysis of
β-carotene

The β-carotene concentration was determined once a
day in triplicate while photon flux density was high-
est. Between 1 and 4 mL of the cell suspension were

centrifuged (15 000 g, 10 min; Mikro 20, Hettich, Tuttlin-
gen, Germany) depending on the cell dry weight concen-
tration. The cell pellet was stored at -20◦C until extrac-
tion. The first extraction stepwas carried out with∼750mg
glass beads (Ø 0.25-0.5 mm, Carl Roth GmbH & Co. KG,
Karlsruhe, Germany) and 1.0 mL chloroform at 25 Hz for
10 min, using a ball mill (Retsch MM 200, Retsch GmbH,
Haan, Germany). After centrifugation (15000 ⋅ g, 10 min;
Mikro 20, Hettich, Tuttlingen, Germany) the supernatant
with extracted pigments was collected in reaction tubes
and 0.5 mL chloroform added to the remaining cell pel-
let with the glass beads. The extraction procedure was
repeated until the cell pellet and supernatant became col-
orless. The chloroform with the extracted pigments was
allowed to evaporate overnight. After resuspending the
extract in 200 μL chloroform, β-carotene concentration
was quantified by HPLC (Dionex Ultimate 3000, Thermo
Fischer Scientific, Waltham, Massachussetts, USA) with
a Develosil RP-Aqueous C30 column (particle size: 5 μm,
200 × 4.6 mm, Phenomenex LTD, Aschaffenburg, Ger-
many). The mobile phase consisted of a changing ratio of
acetonitrile (A) and chloroform (B): 0–2.5 min: 83% A, 17%
B; 2.5-6 min: 75% A, 25% B; 6–12.5 min: 60% A, 40%B; 12.5-
14 min: 60–83% A, 40-17% B. Prior to every injection, the
system was equilibrated for four minutes. External stan-
dards of β-carotene were used for calibration.

2.6 Measurement of incident photon
flux density and light transmission

The incident photon flux density and the light transmis-
sion were measured with a spectrometer (Flame-T, Ocean
Optics Inc., Florida, USA) in a wavelength range off 400
to 750 nm. To measure the incident photon flux density
after passing the glass reactor wall, an identical glass plate
was positioned in front of the LEDs at the same distance.
The incident photon flux density (μmol m-2 s-1) was mea-
sured as a function of the adjustable light intensity of the
LEDs (in %) twice a year. The light intensity of the LEDs
was adjusted so that the incident photon flux density cor-
responded to the incident irradiance data from June 15,
2012 in Almería, Spain (Figure 1). The light transmission
was measured between one and six times per day at the
light-averted side of the flat-plate gas-lift reactor. To mini-
mize scattered light from other light sources in the lab, a
black cover – made of silicon with six small openings –
was installed, covering the whole surface area of the light-
averted part of the photobioreactor. The light transmission
was measured individually at these six defined openings
distributed across the black silicon cover, and the mean
was used for estimation of light attenuation as a function
of biomass concentration.
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TABLE 2 Absorption parameter ε of the modified Lambert-Beer light attenuation model estimated for D. salina CCAP 19/18 based on the
data of batch processes with “BG11+” and “BG11 Biomass” medium (standard deviation SD, sum of squared errors SSE and coefficient of
determination R2)

95% confidence interval
Medium ε SD ε Lower ε Upper ε SSE R2

BG11+ 1.40 0.02 1.36 1.45 0.0086 0.9542
BG11 biomass 1.35 0.03 1.30 1.40 0.0174 0.9508

2.7 Light attenuation model

Different light attenuation models like Beer-Lambert or
Reynolds and Pacala [43] were compared (data shown in
Supporting Information). Amodified Lambert-Beermodel
gave the best results for estimating light attenuation caused
byD. salina suspended in the flat-plate gas-lift photobiore-
actors (see Table 2).

𝐼 (𝑡) = 𝐼0 ⋅ 𝑒−𝜀⋅
√
𝑐𝑥⋅𝑙 (2)

I(t) is the measured light transmission at the light-averted
side of the photobioreactor, I0 the incident photon flux
density, ε the specific extinction coefficient, cX the time
dependent cell dry weight concentration and l the length
of the light path in suspension (20 mm).
As the incident photon flux density is not constant, a rel-

ative photon flux density Irelativewas introduced as quotient
of transmission and incident photon flux density.

𝐼relative =
𝐼 (𝑡)

𝐼0
= 𝑒−𝜀⋅

√
𝑐𝑥⋅𝑙 (3)

The specific extinction coefficient εwas estimated applying
theMatlabR2020a function ‘fit’ of the curve fitting toolbox.
The 95 % confidence interval of the specific extinction coef-
ficientwas determinedusing the function ‘confint’ (Matlab
R2017a, Mathworks, Nattick, Massachusetts, USA).

3 RESULTS AND DISCUSSION

3.1 Batch processes withD. salina CCAP
19/18 at varying pH

Three batch processes were performed with Mediter-
ranean day-night cycles of temperature and incident irra-
diance at varying pH-setpoints of pH 8.0, pH 8.5, and
pH 9.0, respectively (Figure 2) with “BG11+” medium. The
salinity was increased by NaCl additions up to 160 g L-1
NaCl after six days to simulate the salinity increase caused
by the compensation of evaporation of open thin-layer
cascade photobioreactors with seawater (see section 2.2,

evaporation rates from [30]). Final biomass concentrations
of 3.6 – 4.1 gCDW L-1 were achieved within 6 days. At
pH 9.0, a slightly longer adaptation phase was observed,
as the growth rate on day 1 was 0.76±0.11 d-1 compared to
1.98±0.29 d-1 at pH 8.0 and 1.86±0.36 d-1 at pH 8.5. Final β-
carotene concentrations of 3.8 - 4.4 mg L-1 were measured
after just 4 days. No significant differences were observed
as a function of pH.
Growth of D. salina CCAP19/18 was reported at pH 7.5

– pH 8.0 [25, 44]. Other D. salina strains showed growth
between pH 7.0 – pH 9.18 [34, 45, 46]. We were able to
show that D. salina CCAP19/18 is able to grow at pH 9.0
as well. As pH should be as high as possible in outdoor
cultivations to reduce contamination risks and CO2-loss to
the atmosphere – although D. salina CCAP19/18 showed
an increased lag phase at pH 9.0 – further batch processes
were performed at pH 8.5.

3.2 Batch processes withD. salina CCAP
19/18 at varying temperature profiles

A comparison of growth and β-carotene production with
D. salina applying two different temperature profiles was
carried out, because outdoor cultivations may be affected
by changes in temperature. The repetitively applied tem-
perature profile from June 15, 2012 in Almería, Spain (15-
30◦C) was increased by 5◦C to 20–35◦Cwithout changes in
the day-night dynamics or the incident irradiance profile
(0-1850 μmol m−2 s−1). Salinity in the “BG11+” medium
was increased to 200 g L-1 NaCl. Growth of D. salinamea-
sured at both temperature levels showed nearly identical
trendswith similarmaximal cell dryweight concentrations
(Figure 3). Cell dry weight concentrations of 4.2 gCDW L-1
were measured after 6 days. Final β-carotene concentra-
tions were measured between 3.5±0.2 mg L-1 at 15–30◦C
and 4.3±0.6 mg L-1 at 20–35◦C. These results indicate that
D. salina CCAP 19/18 is a robust microalga tolerating tem-
peratures between 15–35◦C during day-night cycles with
increasing salinities of up to 110 g L−1 NaCl. After reach-
ing this salinity, the cell growth slows down and there
was no longer any increase in β-carotene concentration
(Figure 3).
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F IGURE 2 Salinities (A, B, C), cell dry weight concentrations (D, E, F) and β-carotene concentrations (G, H, I) during batch cultivations
of D. salina CCAP19/18 with “BG11+” medium in flat-panel gas-lift photobioreactors operated at pH 8.0 (light grey), pH 8.5 (grey) and pH 9.0
(dark grey). Temperature (15–30◦C) and incident irradiance profile data (0-1850 μmol m−2 s−1) of June 15, 2012 in Almería, Spain were applied
repetitively

3.3 Batch processes with D. salina
CCAP 19/18 at varying salinity profiles

Salinity was varied in three different ways (see section 2.2)
at pH 8.5 with “BG11+” medium. A maximum cell dry
weight concentration of 4.6±0.1 gCDW L-1 was measured at
a constant salinity of 35 g L-1 NaCl (Figure 4, left). The β-
carotene concentration reached a maximum of 9.0 mg L-1
(3.6mg gCDW-1) after a process time of 3.8 d. Afterwards the
β-carotene content in dry cell mass decreased until the end
of the batch process (< 1 mg gCDW-1).
Final algal biomass concentrations of 4.0±0.1 gCDW L-1

were observed in two batch processes with constantly
increasing salinity of up to 280 g L-1, and 200 g L-1 (lower
salinity due to shorter process time), respectively (Figure 4,
right). The β-carotene concentrations were at a maximum
after a process time of 3.7 - 3.8 d as well, although concen-
trations (4.1±0.1 g L-1 and 4.5±0.7 mg L-1) and β-carotene
content in dry cell mass were reduced (1.5 mg gCDW-1

and 2.7 mg gCDW-1). Afterwards, the β-carotene content in
algal biomass decreased until the end of the batch pro-

cess (< 0.5 mg gCDW-1). Biomass and β-carotene concentra-
tion show high reproducibility as function of process time
(Figure 4, right).
Based on the decreasing β-carotene content, the con-

stant increase in salinity was stopped at a process time
of 3.8 d (Figure 4, middle). Afterwards, the salinity was
kept constant at 110 g L-1 NaCl. This resulted in a
steadily increasing algal biomass concentration of up to
8.0±0.2 gCDW L-1 after a process time of 14.8 d. The β-
carotene concentration increased as well to final 25 mg L-1
and the β-carotene content of the algae fluctuated slightly
between 2.1 and 3.1 mg gCDW-1 until harvest.
Most D. salina strains are known to produce β-carotene

at salinities of up to 270 g L-1 NaCl, but growth was
reported to stop at salinities between 180 and 210 g L-1 NaCl
[19, 47]. Best growth and pigment production of an iso-
lated D. salina strain was reported between 88 and 175 g L-1
NaCl [48]. D. salina CCAP19/18 was reported to produce
the highest amount of carotenoids at the highest salinity
tested (116.9 g L-1 NaCl) at a constant temperature of 34◦C
and incident irradiation of 150 μmol m−2 s−1 in shaking
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F IGURE 3 Salinities (A, B), cell dry weight concentrations (C,
D) and β-carotene concentrations (E, F) during batch cultivations
of D. salina CCAP19/18 with “BG11+” medium in flat-panel gas-lift
photobioreactors operated at pH 8.5. The repetitively applied tem-
perature profile of June 15, 2012 in Almería, Spain (15–30◦C, light
grey) was increased by 5◦C to 20–35◦C (dark grey) without changes
in the day-night dynamics and the incident irradiance profile (0-
1850 μmol m−2 s−1) of June 15, 2012 (Almería, Spain)

flasks [24]. The β-carotene concentration achieved in this
study at a maximum salinity of 110 g L−1 in flat-panel gas-
lift bioreactors (25 mg L-1), applying day-night cycles and
temperature profiles of a Mediterranean summer day, was
three times higher than the data reported (8.6 mg L−1 total
carotenoids with no information on β-carotene concentra-
tion or content) [24].

3.4 Batch processes withD. salina CCAP
19/18 with varying medium compositions

So far, the highest concentration of up to 8.0±0.2 gCDW L-1
D. salina CCAP19/18 was observed in the batch processes
with increasing salinity from 35 to 110 g L−1 (Figure 4, mid-
dle). To avoid any limitation, themedium compositionwas
adapted by increasing the K2HPO4 by a factor of 3, MgSO4
by a factor of 8, and ammonium ferric citrate by a factor
of 2 (Table 1). In a batch process, applying the new “BG11
Biomass” medium at pH 8.5 with a constantly increasing
salinity up to 110 g L-1 (Figure 5B), a final algal biomass
concentration of 12.8±0.2 gCDW L-1 was achieved after a
process time of 17.8 d, which corresponds to an increase of

60 % compared to a cultivation with the “BG11+” medium.
Compared with data from the relevant literature of labora-
tory scale cultivations, the final D. salina dry weight con-
centrationswere thus increased by a factor of 4.7 to 12.6 [33,
34].
The volumetric biomass productivities of both batch

processes remain unchanged within the estimation
error (0.77±0.02 gCDW L-1 d−1 with “BG11+” and
0.79±0.02 gCDW L-1 d−1 with “BG11 Biomass” medium)
indicating light limitation. It must be pointed out that
these biomass space-time yields represent a more than 50-
fold increase compared to 15 mgCDW L-1 d−1 so far reported
with D. salina produced in a flat-plate photobioreactor at
photoautotrophic conditions [32]. Applying D. salina in a
tubular photobioreactor with a CO2 supply and 12 h cycles
of light and dark [34] resulted in the highest biomass
space-time yield so far reported (0.54 gCDW L-1 d-1), which
is 31 % lower than our results.
In contrast to roughly stable β-carotene contents of 2

to 3 mg gCDW-1 in the batch process with the “BG11+”
medium (Figure 5A), the β-carotene contents of the
microalgae produced with the new “BG11 Biomass”
medium decreased continuously after reaching a maxi-
mum of 3 mg gCDW-1 at a process time of 5 to 7 d, result-
ing in a relatively constant β-carotene concentration of
13.6±0.9 mg L-1 until the end of the batch process. A max-
imum volumetric β-carotene productivity of 2.9 mg L-1 d-1
was reached after 2.8 d. The overall volumetric productiv-
ity was estimated to be 1.7 mg L-1 d-1. In literature, after
applying stress phase of 10 days a comparable overall pro-
ductivity of 1.7 mg L-1 d-1 was published with a maximum
of 1.9mg L-1 d-1 in shaked Erlenmeyer flasks [49]. Applying
a column reactor, an overall volumetric β-carotene produc-
tivity of 5 mg L-1 d-1 was shown [50].
One possible reason for the decreasing β-carotene con-

tent with the “BG11 Biomass” mediummight be a reduced
light availability at higher cell densities, which was previ-
ously reported to suppress β-carotene production [51]. To
prove this hypothesis, the relative photon flux densities in
the flat-panel gas-lift reactors were determined as a func-
tion of the cell dry weight concentration of both batch pro-
cesses with the “BG11+” and “BG11 Biomass” media (Fig-
ure 6). The estimated specific absorption coefficients ε of
the microalgae in both batch processes are summarized in
Table 2.
The relative photon flux density in the suspension

approaches zero in both batch processes at cell dry weight
concentrations exceeding 3 gCDW L-1, indicating light lim-
itation. 3 gCDW L-1 was measured at a process time of
5 d in both batch processes, and corresponds to the pro-
cess time at which the maximum β-carotene content of
D. salinaCCAP 19/18 was observed for the “BG11 Biomass”
medium. As light limitation (relative photon flux density
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F IGURE 4 Salinities (A, B, C), cell dry weight concentrations (D, E, F), β-carotene concentrations (G, H, I) and β-carotene contents (J,
K, L) during batch cultivations with D. salina CCAP19/18 in flat-panel gas-lift photobioreactors operated at pH 8.5 with “BG11+” medium. The
salinity was constant at 35 g L−1 (light grey), increased from 35 to 110 g L−1 (grey) and increased from 35 to 200/280 g L−1 (white, dark grey).
Batch processes were carried out applying temperature (15-30◦C) and incident irradiance profile data (0-1850 μmol m−2 s−1) of June 15, 2012 in
Almería, Spain

approaches zero) was observed at the same process time
independently of the medium applied, it can be concluded
that (i) a reduced light availability does not suppress β-
carotene production and (ii) nutrient limitation (K2HPO4,
MgSO4, and/or ammonium ferric citrate)may have caused
stable β-carotene content in the cells produced with the
“BG11+” medium (Figure 5A).
Light limitations in algal cultures can result from high

culture depths like in open ponds and high cell densities,
as mutual shading between the cells takes place [8]. Due to
these limitations, the biomass concentrations observed are
not scalable to open pond systems. Other open reactor sys-
tems like thin-layer cascade reactors were already shown
to produce high biomass concentrations up to 50 g L−1
[30]. Due to their small culture depth (∼ 6 mm) and the

resulting higher light availability, light limitations in this
reactor system would only occur at higher biomass con-
centrations compared to our laboratory scale batch pro-
cesses with a culture depth of 20 mm. Theoretically, even
higher biomass concentrations would be possible in thin-
layer cascade photobioreactors.

4 CONCLUDING REMARKS

It has been reported that β-carotene accumulation in
D. salina can be induced by increasing salinity, increasing
photon flux density or limiting nutrients [21–23]. Increas-
ing the salinity occurs naturally by evaporation in open
photobioreactor cultivations of D. salina with sea-water.
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F IGURE 5 Salinities (A, B), cell dry weight concentrations (C,
D), β-carotene concentrations (E, F) and β-carotene contents (G, H)
during batch cultivations with D. salina CCAP19/18 at pH 8.5. The
used media were “BG11+” (light grey) and “BG11 Biomass” (dark
grey). The salinity was increased from 35 to 110 g L−1. Batch pro-
cesses were carried out at temperature (15-30◦C) and incident irra-
diance profile data (0-1850 μmol m−2 s−1) of June 15, 2012 in Almería,
Spain

F IGURE 6 Relative photon flux densities (Irelative) in flat-panel
gas-lift reactors as function of cell dry weight concentration cX of
D. salina CCAP 19/18. The parameter ε (specific extinction coeffi-
cient) of the modified Lambert-Beer light attenuation model (−) was
estimated both with the data of the batch processes with the “BG11+”
(A, light grey) and “BG11 Biomass” medium (B, dark grey)

Increasing the photon flux density in typical day-night cli-
mate conditions can be achieved either by operating pho-
tobioreactors at low cell densities, or by reducing the light
path in the cell suspension. The operation of a bioreactor
at low cell densities may not result in an efficient biopro-
cess with products accumulating in an intracellular man-
ner (like β-carotene), due to the resulting low product con-
centrations. Consequently, day-night cycles imitating typ-
ical Mediterranean climate conditions regarding light and
temperature have been applied in this study to investigate
growth and β-carotene production of the strain D. salina
CCAP19/18 in flat-plate gas-lift photobioreactors with a
small light path of 2 cm at increasing salinity, simulating
the evaporation of open thin-layer photobioreactors. As a
consequence of the reduced light path, high concentra-
tions of D. salina CCAP19/18 of up to 8.0 gCDW L-1 were
made possible in batch processes within 2 weeks, resulting
in a final β-carotene concentration of 25 mg L-1 (3 mg g−1
dry cell weight). The overall volumetric productivity was
estimated to be 1.7 mg L-1 d-1 with a maximum volumetric
ß -carotene productivity (2.9 mg L-1 d-1) after 2.8 d.
Total carotenoid concentrations (including ß-carotene,

lutein, astaxanthin, lycopene) of 19–20 mg L-1 measured
spectrometrically have already been reported applying
open raceway pond cultivations at typical cell concentra-
tions of 0.33-1.2 gCDW L-1 D. salina (estimated content of 20
to 57mg carotenoids g−1 dry cell weight) [26, 27]. An overall
β-carotene productivity of 1.7 mg L-1 d-1 with a maximum
of 1.9mg L-1 d-1 was published in shaked Erlenmeyer flasks
[49]. Applying a column reactor an overall volumetric β-
carotene productivity of 5 mg L-1 d-1 was shown [50].
It seems that the strain D. salina CCAP19/18 may not

be the best β-carotene producer, which in addition shows
a relatively low tolerance to increasing salinity, as best
results were achieved at final salinities of up to 110 g L−1
NaCl only. The robustness of this strain shown here with
respect to temperature (15-35◦C) and pH (pH 8-9) is of no
advantage if intracellular β-carotene accumulation capac-
ity and salinity tolerance are limited. The intracellular β-
carotene accumulation capacity of D. salina CCAP19/18
was shown to be independent of light availability, but
nutrient limitation (K2HPO4, MgSO4, and/or ammonium
ferric citrate) seems to enable stable β-carotene content in
the algal cells, despite increasing cell densities in the pho-
tobioreactor.
Fully-controlled parallel lab-scale photobioreactors like

the flat-panel gas-lift reactor systems used in this study and
the simulation of typical climate conditions of any region
of interest (e.g. incident photon flux density profiles, tem-
perature profiles and increasing salinities due to evapora-
tion) are valuable tools to enable a more realistic lab-scale
characterization of microalgae for production processes,
projected in open photobioreactor systems.
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