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Abstract: If mass cultivation of photoautotrophic microalgae is to gain momentum and find its place
in the new “green future”, exceptional optimizations to reduce production costs must be implemented.
Issues related to illumination should therefore constitute the main focus, since it is the availability of
photons in time and space that drives synthesis of biomass. Further, artificial illumination (e.g., LEDs)
is needed to transport enough photons into dense algae cultures contained in large photobioreactors.
In the present research project, we employed short-term O2 production and 7-day batch cultivation
experiments to evaluate the potential to reduce illumination light energy by applying blue flashing
light to cultures of large and small diatoms. Our results show that large diatom cells allow more
light penetration for growth compared to smaller cells. PAR (400–700 nm) scans yielded twice as
much biovolume-specific absorbance for small biovolume (avg. 7070 µm3) than for large biovolume
(avg. 18,703 µm3) cells. The dry weight (DW) to biovolume ratio was 17% lower for large than small
cells, resulting in a DW specific absorbance that was 1.75 times higher for small cells compared to
large cells. Blue 100 Hz square flashing light yielded the same biovolume production as blue linear
light in both the O2 production and batch experiments at the same maximum light intensities. We
therefore suggest that, in the future, more focus should be placed on researching optical issues in
photobioreactors, and that cell size and flashing blue light should be central in this.

Keywords: marine microalgae; diatoms; photobioreactor; illumination; flashing blue light

Key Contribution: If mass cultivation of microalgae is to contribute to the “green shift” it will be
mandatory to reduce production costs severely. Artificial LED illumination is necessary in large
reactors and use of large cells and flashing blue light can advance this.

1. Introduction

Due to their uniquely high growth rates and ability to produce nutritious biomass, pho-
toautotrophic microalgae are considered by many to be the “green gold” of the future [1–9].
The potential products and services that can be derived from the algae biomass range from
niche, high-value products (e.g., pigments, cosmeceuticals and pure omega-3 oil), to bulk
materials (e.g., biofuel, nutraceuticals, functional food, livestock and fish feed) [10–12],
to resource recovery from waste streams (e.g., precious metals and/or rare earths from
waste streams) [13,14]. In the natural environment, microalgae produce more than half
the O2 on earth in the process of converting CO2 to biomass by photosynthesis. This
makes them powerful industrial fume CO2 sequestration agents [15,16]. Mass cultivation
of microalgae has had industrial focus at least since the early 20th century [17–20]. Despite
this, the global annual production is quite meagre and today probably only adds up to ca.
25,000–35,000 tons [21,22]. This is by no means sufficient to satisfy the need for protein
and lipids in current and future aquaculture feed production. For example, Norwegian
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salmon production is projected to be ca. 5 million tons in 2050 [23]. To achieve this, at least
6 million tons of dry feed is needed (i.e., >200 times today’s global microalgae production).

The underlying reason why microalgae mass cultivation has not gained sufficient mo-
mentum is that the production is expensive and complex. Key constraints in the production
process relate to reactor design, contamination, temperature variations, gas exchange and
especially illumination [24–29]. For obvious reasons, mass cultivation of microalgae takes
place at concentrations much higher than during phytoplankton bloom events in the sea.
Self-shading therefore becomes a problem, and optimal utilization of natural and artificial
light become central issues in the cultivation process [25–28,30,31]. To achieve maximum
conversion of available photons to biomass at high algae concentrations, the main factors
that need to be considered are algae photosynthetic efficiency, photoperiod, light spectrum
and intensity, and also absorption and scattering of light in the cultivation medium.

One issue that has not had much focus is that the size of the microalgae can influence
the biomass-specific absorption and scattering in such a manner that the same biomass
concentration of large cells can have longer optical depths than small cells. As an organism
gets bigger, the diameter, area and volume increase with first, second and third potency,
respectively. The result of this is that large organisms have less self-shadowing per biomass
unit than small organisms. In optical terms this is a result of the “package” effect [32,33]. It is
obvious that this effect is modified by the fullness of material in the microalgae. Published and
unpublished results though demonstrate that large microalgae cells can have longer optical
depths per biomass unit than smaller ones [16,34–37]. Due to this, large cells potentially have
more photons available for growth. This contrasts with the fact that most commercially culti-
vated microalgae are small green and blue-green species varying in size around 10 µm (e.g.,
Chlorella, Spirulina, Daniella, Aphanizomenon, Haematococcus, Crypthecodinium, Schizochytrium).
In addition, Schizochytrium is not a photosynthesizing alga, but rather a single-celled het-
erotroph within the phylum Stramenopiles. Comparably, candidates from the diatom group
range from 10 to >500 µm. This represents a range in cell surface area from 500 to 1× 106 µm2

and a volume range from 800 to 100 × 106 µm3. In terms of potential absorption/diffusion
of light, it is important to note that between diameters of 10 to 500 µm, the surface area
increases 2000 times while the volume increases 125,000 times. It may therefore be well
worth focusing on the potentially lowered self-shading abilities of large cells in microalgae
mass cultivation initiatives.

Apart from the importance of the cell diameter effect on optical penetration for ob-
taining efficient utilization of light, choosing the optimal light spectrum, intensity and
photoperiod for the cultivated microalgae is also important. Photosynthesis is not “lin-
ear” but functions in pulses, and there are indications that synthesis of biomass and
photosynthetic efficiency may be maintained (or sometimes even increased) with flashing
light [38,39].

The present investigation is a continuation of a diatom mass cultivation initiative
run by the ferrosilicon producing factory Finnfjord AS and UiT The Arctic University
of Norway. A description of the project and some results are available in a previous
publication [16]. Mass cultivation of photoautotrophs in large volumes is, as mentioned,
challenged by illumination (self-shadowing) problems. The present investigation was
therefore designed to reveal if energy (illumination) savings could be obtained by focusing
on large cells, appropriate light spectrum and high-frequency flashing light. To investigate
this, we applied both short-term (minutes) small-volume O2 production experiments and
conventional large-volume batch (60 L) cultivation experiments.

2. Materials and Methods

In our experiments, we cultivated a diatom species (Porosira glacialis) utilized earlier
in the large-scale mass cultivation initiative at Finnfjord AS [16]. The inocula used in
all experiments were adapted to 8 ◦C and scalar light intensity 20 µmol m−2 s−1 for
at least three days. PAR (Photosynthetic Active Radiation, 400–700 nm) light intensity
was measured with a Biospherical (San Diego, CA, USA) QSL-100 instrument or a LI-
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COR (Cambridge, UK) LI-180 (cosine) spectrometer. Light intensity vs. wavelength was
scanned with a LI-COR (UK) LI-180 (cosine, 380–780 nm) spectrometer. When converting
measurements from µmol quanta m−2 s−1 to Wm−2 we multiplied with 0.2614 [40], and we
used calculated biovolumes as a proxy for biomass. DW to biovolume ratio was checked
for small vs. large cells.

2.1. Dry Weight vs. Cell Size vs. Biovolume-Specific Absorbance

For analysis of biovolume vs. DW (dry weight), large and small cells of the same
species from the stock culture collection at Finnfjord AS (diameter 17.045 µm and 33.64 µm,
height 30.75 µm and 20.99 µm and concentration ca. 106 cells L−1) were scanned for
absorbance in 5 cm quartz cuvettes in a spectrophotometer (VWR UV/Visible spectropho-
tometer, UV-6300PC). We measured 33 cells of each size group at 400×magnification in a
Zeiss inverted microscope, and each culture was scanned 6 times. Differences in absorption
between scans were negligible, so we applied means of measurements in the further inter-
pretations. Following this, 3 × 200 mL of each cell size culture was collected onto 47 mm
burnt GF/C filters. To remove salt from culture seawater that could interfere with weight,
each filter was rinsed with 10 mL Millipore-treated freshwater prior to drying. Prior to the
experiment, each filter was weighted using a Sartorius Entris weight. After drying the filters
for 2 h at 60 ◦C (or until the weight was stable) in a Termaks KB temperature-controlled
cabinet (Nordic Labtech AB, Fjärås, Sweden), they were re-weighted.

2.2. Diffuse Light Extinction vs. Cell Size

Here, cell concentration, cell sizes and irradiance were measured during routine
cultivation periods in a 300 m3 white coated glass fiber vertical column photobioreactor [16].
Cell concentrations were monitored daily with Leica or Zeiss inverted microscopes (200 or
400× magnification), while applying the Utermöhl [41] method on cells fixed with Lugol’s
iodine solution [42] and using Nunc 4 well 1.9 mL cultivation chambers (settling time > 2 h).
Cell size (diameter, height) was measured on at least 10 cells ca. once weekly. Light in
the reactor was a mixture of natural and artificial (White 2, Figure 1) illumination. Light
intensity was measured with a spherical quantum LI-COR LI-193 (UK) sensor at −0, 0.1,
0.2, 0.3, 0.4, 0.5 and 0.6 m depth. For ca. 20 samplings from the 300 m3 reactor, representing
periods with different cell sizes, the diffuse extinction coefficients (k) between 0.2 and 0.6 m
were calculated using the formula:

k =
lnI0 − lnID

D
(1)

where I0 and ID are light intensity at depths and D is distance in m between depths. Biomass
proxy for each set of cell concentrations was biovolume as calculated from [43].

2.3. O2 Production vs. Spectrum vs. Linear or Pulsed Light

These experiments were performed using an in-house constructed, digitally controlled
illumination rig with combinations of LEDs with different colors. The “face” of the rig
where LEDS were mounted was 60 × 35 cm. The rig has an integrated power supply, and
we can illuminate cultures (here in 500 mL glass beakers) with variable colors, intensities
and either linear or pulse width modulated (PWM, 1 Hz to 1 kHz) light. The LEDs (with
cooling fans) were controlled with a programmed Raspberry PI unit. The wavelength areas
(spectra) applied by us in the experiments were Blue, Red, Green and two types of white
(White 1, White 2). White 2 had more shortwave radiation than White 1 light (Figure 1) and
the spectra were measured inside the beaker where cultures were illuminated.

When we compared linear and PWM light with the “same intensity”, this refers to the
same intensity with LEDs on in PWM mode (irrespectively of frequency) as in linear (100%
duty cycle) mode. In other words, the maximum intensity was always the same in linear
and PWM mode.
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Figure 1. Light intensity (y-axis) vs. wavelength for the different illumination colors used during
the linear and pulsed O2 production experiments. All measurements were at ca. 75% of maximum
intensity, whereafter intensity values were normalized in that all values for each color were divided
by the maximum intensity at that color.

The stock cultures we used were maintained in pasteurized f/10 growth medium [44]
with additional silicate added (12.3 µmol Si(OH)4 L−1). Cells were relatively large ones
(30–32 µm diameter). The cultures were adapted >3 days to 8 ◦C at 20 µmol m−2 s−1

LED with white light (White 2, Figure 1) measured incident onto the surface of 2 L Nunc
plastic culture flasks, and the cultures were kept in a temperature regulated culture cabinet
(Termaks KB series, Nordic Labtech AB). To obtain P vs. I (Photosynthesis vs. Irradiance)
data, the microalgae cultures were exposed to light gradients in two ways:

Sequential exposure: Prior to experiments, the cultures were kept in dark for 1 h. The
culture (400 mL) was then exposed for 3 min to different light intensities (10, 20, 35, 60,
110 µmol m−2 s−1), this being without pauses between exposures. For daylight (White 2
in Figure 1) this is equivalent to ca. 2.6, 5.2, 9.1, 15.6, 28.6 W m−2. Oxygen concentration
was registered at the start and stop of the 3 min sessions, and the difference (increase) was
recalculated to uptake minute−1 10 mill cells L−1. This sequential method was meant to
mimic the variable light intensities culture cells experience when mixed around in reactors.
It also represents P vs. I responses which result from the prevailing light adaptation level
of the cells, which are suitable for comparing different light spectra and intensities. The
illumination gradient was determined from previously performed P vs. I 14C exposure
experiments (own unpublished) that indicated an Iopt light intensity below 95 µmol m−2 s−1

at the given temperature (8 ◦C) and light adaptation. Each of the P vs. I measurement series
(to increasing intensity in the 10, 20, 35, 60, 110 µmol m−2 s−1 gradient) were repeated at
least 3 times. All these exposures were performed using linear and 1, 10, 50, 100 and 500 Hz
PWM light at all spectra in Figure 1.

Repeated exposure to the same light intensity: For each experiment series, the cultures
were kept in the dark for one hour prior to treatment with 10 µmol m−2 s−1 intensity for
one hour. Thereafter we exposed cultures and measured O2 production for three minutes
and at least three times to the 10 µmol m−2 s−1 intensity. This procedure was repeated for
the other (20, 35, 60, 110 µmol m−2 s−1) light intensities. These exposures were both to
linear and 1, 10, 50, 100 and 500 Hz PWM light.

The illumination rig was placed 30 cm in front of the beaker that was ca. 30% sub-
merged in water that circulated through a temperature regulated cooling device. Exposures
were performed at 8 +/− 0.3 ◦C. Temperature, pH and O2 during each exposure were
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measured with a WTW Multi 360 m instrument, a WTWSenTix 940 IDS probe and a CellOx
325 sensor (Xylem Analytics, Weilheim, Germany). Prior to the experiments, pH and O2
saturation were adjusted to ca. 7.0 and 80% by carefully bubbling N2 and CO2 into the
culture beaker. During exposures pH and O2 values were kept below 7.5 and 90% and CO2
above 2.65 mgL−1.

2.4. Lipid Class Analysis

Extraction of lipid followed Jensen et al. [45] adapted from the Folch method [46], using
dichloromethane:methanol (2:1 v/v) [47]. The biomass was extracted twice to maximize
yield. The lipid class composition was analyzed by normal phase HPLC, using a Water
e2795 separations module coupled to a Supelcosil TM LC-SI 5 mm (25 cm → 4.6 mm)
column (Supelco HPLC products, Bellefonte, PA, USA) and set to a working temperature of
40 ◦C. The HPLC method used was modified from Abreu et al. [48]. The measurements did
not allow for quantification of total lipid weight but only relative lipid class composition.

3. Results
3.1. Dry Weight vs. Cell Size vs. Biomass-Specific Absorbance

Biovolume for the large cells was ca. 12.5 times larger for small cells, while as shown
in Table 1 biomass-specific DW, it was ca. 17% lower for the large than for the small cells.

Table 1. Cell size measurements, cell biovolume and biovolume-specific dry weight (DW).

Cell
Diameter/S.D.
µm

Cell Height/S.D.
µm

Cell
Concentration
(Cells L−1)

Single Cell
Biovolume
(µm3)

Culture
Biovolume-Specific
DW (g cm−3)

17.045/1.15 30.758/1.27 8,922,760 7070 0.179
33.636/7.42 20.985/3.23 11,457,635 18,703 0.151

Scans vs. wavelength revealed that small cells had > twice as high biovolume-specific
absorbance than large cells (Figure 2).
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3.2. Diffuse Light Extinction vs. Cell Size

The data applied here were from reactor culture samples with minimum and maximum
cell diameters of 21 and 45 µm and means from 26.9 to 37.2 µm. To represent large
and small cells in the computation of the diffuse extinction coefficient (k), we used light
intensity data relating to cells with 24 and 42 µm frustule width. Mean height was 26.1 and
27.25 µm respectively.

The resulting computed values demonstrates that k increased faster with biomass
concentration for small (24 µm) cells than for large (42 µm) cells (Figure 3). For cell biomass
concentration, 0.4 cm3 L−1 mean k was 5.8 for 24 µm cells and 3.3 for 42 µm ones, while at
0.8 cm3 L−1 biomass, k values were 10 and 4.5, respectively (Figure 3).
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Figure 3. Diffuse light extinction coefficient (k) values for 42 and 24 µm diameter cells, calculated
from measured scalar light at 0.2 and 0.6 m under the surface in a 300 m3 photobioreactor. Dotted
lines are 95% confidence regression bands.

When large (42 µm) cells were applied, calculated light intensities at 0.5 m with
biomass concentration 0.4 gL−1 were nearly four times higher compared to smaller (24 µm)
ones. With biomass 0.8 cm3 L−1 and small cells, computed light was nearly absent at 1.0 m
(Table 2).

Table 2. Light intensity at 0.5 and 1.0 m depth computed from k values in Figure 3 using Equation (1).

Mean Cell Width (µm) Biovolume (cm3 L−1)
Light Intensity µmol m−2 s−1 at Depth

0 m 0.5 m 1.0 m

24 0.4 100 8.16 0.66
42 0.4 100 21.23 4.59
24 0.8 100 0.67 0.005
42 0.8 100 10.53 1.11

3.3. O2 Production vs. Wavelength vs. Linear or Pulsed Light

To assure that measurements were mainly from the light-limited linear part (i.e., Iopt,
Photosynthesis maximum) of the P vs. I curve [49,50], we applied 110 µmol quanta m−2 s−1

light intensities and below.
Obvious outliers in our data sets were discarded by using a modified winsorization

regression technique [51] with 80% cutoff. Here, data above the 90th percentile and below
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the 10th percentile were given the values of the upper and lower percentiles, exemplified
in Figure 4 for blue light.
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Figure 4. Oxygen production vs. blue linear light intensities (10, 20, 35, 60, 110 µmol quanta m−2 s−1).
Dotted lines are 95% confidence regression bands. Data from sequential exposure.

As described in the Material and Methods section, we tested linear vs. PWM illumina-
tion at the selected intensities (10, 20, 35, 60, 110 µmol quanta m−2 s−1) for five irradiance
spectra (Blue, Green, White 1, White 2, Red, see Table 3). When reporting data in Table 3
we did not apply standard deviation (S.D.), since the measured O2 production values were
responses to the application of varying light intensities.

Table 3. Mean O2 production (mg L−1 min−1 10 mill cell−1) of sequential exposures to 10, 20, 35, 60,
110 µmol quanta m−2 s−1 (cosine) of different light spectra generated with LEDs working in linear
and pulse width modulated (PWM) mode. Numbers in parentheses are alpha (mg O2 L−1 min−1

10 mill cell−1 µmol quanta m−2 s−1) values, i.e., (linear) slope of initial light limited part of P vs. I
curve. Cell concentrations were between 23 and 50 mill cells L−1, i.e., each exposure was at least
performed sequentially (vs. increasing intensity) three times. The two highest mean O2 production
values are marked green, and the two highest alpha values are yellow. Total n = 92.

Spectra Unit–O2 Production Linear 1 Hz 10 Hz 50 Hz 100 Hz 500 Hz

Blue

mg O2 L−1 min−1 10 mill cell−1

0.022 0.016 0.012 0.012 0.020 0.016
Green 0.015 0.008 0.008 0.017 0.012 0.008
White 1 0.014 0.024 0.015 0.019 0.017 0.010
White 2 0.018 0.014 0.008 0.011 0.016 0.015
Red 0.012 0.009 0.015 0.006 0.013 0.005

Unit–alpha values
Blue

mg O2 L−1 min−1 10 mill cell−1

µmol quanta m−2 s−1

0.00074 0.00056 0.00052 0.00027 0.00082 0.00055
Green 0.00064 0.00032 0.00028 0.00083 0.00039 0.00040
White 1 0.00052 0.00096 0.00054 0.00073 0.00077 0.00037
White 2 0.00059 0.00062 0.00037 0.00040 0.00067 0.00060
Red 0.00036 0.00038 0.00048 0.00035 0.00036 0.00015
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The results from this test were (Table 3):

1. Mean O2 production for blue light was the highest and almost the same for linear and
100 Hz light.

2. White 1 spectrum had high O2 production and alpha values with PWM light.
3. Blue 100 Hz and linear light both had high O2 production and alpha values.
4. Repeated exposure to the same linear and 100 Hz blue light intensities (Table 4)

yielded higher O2 production values than the 3 min light gradient exposures.

Table 4. Mean O2 production (mg L−1 min−1 10 mill cell−1) from repeated exposures to 10, 20, 35, 60,
110 µmol quanta m−2 s−1 (cosine) of blue light generated with LEDs working in linear and 100 Hz
Pulse Width Modulated (PWM) mode. Cell concentrations were between 23 and 50 mill cells L−1.

Irradiance
(µmol m−2 s−1)

Blue Linear
n Production (mg O2 L−1 min−1 10

mill Cell−1) S.D.

10 21 0.0337 0.0073
20 21 0.0433 0.0095
35 20 0.0467 0.0011
60 17 0.0508 0.0110

210 12 0.0591 0.0120
Mean 0.0467

Blue PWM

10 15 0.0374 0.0014
20 18 0.0485 0.0010
35 26 0.0461 0.0101
60 21 0.0466 0.0110

210 14 0.0554 0.0150
Mean 0.0468

Dark respiration was also measured 3 times during these experiments (not shown)
and varied between 2 and 4.5% of the mean O2 production.

We did not apply reporting of standard deviation (S.D.) on the sequential data sets
but only means. This is since the measured O2 production values varied with the light
intensities applied. The results showed that the mean O2 production for blue light was the
highest and almost the same for linear and 100 Hz light (Table 3).

White 1 also had both high O2 production and alpha values with PWM light. Further,
it was blue 100 Hz light, apart from linear light, that had both high O2 production means
and alphas. Dark respiration was also measured 3 times during these experiments (not
shown) and varied between 2 and 4.5% of the mean O2 production.

Repeated exposure to the same linear and 100 Hz blue light intensities (Table 4) yielded
higher O2 production values than the 3 min light gradient exposures.

Similar to the sequential exposures, blue linear and 100 Hz light yielded the same O2
production values. Here also, both linear and PWM light showed a clear P vs. I response
where the largest increase occurred for irradiances between 20 and 35 µmol quanta m−2 s−1.
The highest O2 values were at 210 µmol quanta m−2 s−1.

3.4. Microalgae Growth with Blue Linear and Pulsed Light

All growth vs. linear and 100 Hz PWM light experiments had clear exponential growth
from the start (day 1) until they were harvested on day 7, except for the linear culture 2
(L2, Table 5), that for unknown reasons had stagnated growth on the last 2 days. Growth
(doublings day−1) were therefore only from the first 5 days. The growth rates varied
around 1 doubling day−1. Linear experiment 1 (L1) had the highest mean growth rate
(1.23 doublings day−1), closely followed by PWM light 1 (P1) that had 1.09 doublings
day−1. From the growth rate S.D. values, it appears that all growth rates are statistically
indistinguishable (Table 5). This was likely caused by (normal) uneven growth between
days. Correlation tests between growth and temperature, as well as oxygen and pH,
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revealed no meaningful correlations. We therefore conclude that linear and PWM blue light
had the same effect on the growth rates measured from increase in cell concentrations.

Table 5. Mean growth rate (doublings day−1, temperature, oxygen saturation) for 7-day cultivation
periods. pH is from the last sampling day and measurements were performed on day 1, 2, 3, 4, 5
and 7. Standard deviations (95% ci) are in parentheses; L: linear; PWM: pulse width modulated
blue irradiance.

Experiment Doublings Day−1 Temperature (◦C) Oxygen (% Saturation) pH

L1 1.23 (0.75) 9.64 (1.67) 99.2 (1.13) 8.42
L2 1.08 (0.70) 9.65 (1.09) 101.8 (2.20) 8.50
L3 0.72 (0.50) 8.86 (1.38) 99.6 (1.77) 8.48

Mean Linear 1.01

P1 1.09 (0.34) 10.56 (0.86) 111.6 (1.16) 8.21
P2 0.83 (0.33) 10.04 (1.03) 100.78 (0.48) 8.46
P3 1.00 (0.35) 8.77 (1.33) 100.33 (4.59) 8.45

Mean PWM 0.97

3.5. Lipid Class Distribution

The only clear trend with respect to lipid class distribution was that PWM light
triggered considerably lower TAG (triacylglycerol) production (mean 18.73) compared to
linear light, and that this was compensated by increased amounts of MGDG (Table 6).

Table 6. Lipid class distribution from cultivation experiments with blue linear and PWM light
(see Table 3). Amounts are relative where total lipid: 100; TAG: triacylglycerol; DAG: diacylglyc-
erol; FFA: free fatty acid; MAG: monoacylglycerol; MGDG: monogalactosyldiacylglycerol; DGDG:
digalactosyldiacylglycerol.

L1 L2 L3 P1 P2 P3

TAG 62.7 79.6 67.5 28.6 13.3 14.3
FAIc 2.2 0.0 0.3 0.8 0.5 0.3
DAG 3.8 2.9 4.4 18.7 14.5 13.8
FFA 0.9 0.4 1.1 3.4 1.6 1.9
MAG 0.4 0.1 0.2 2.6 0.9 1.0
MGDG 26.8 15.2 23.7 36.9 62.5 64.1
DGDG 3.2 1.7 2.9 8.9 6.8 4.7

4. Discussion

Photoautotrophic microalgae surely have the potential to be the future’s “green gold”
due to their high growth rates and nutritional value, combined with their high CO2
sequestering and O2 production abilities. In addition, they can be cultivated in area-saving
reactors which would not compete for arable land. To reach a situation where microalgae
biomass production can rival current agricultural crops (e.g., world soy production at
354,000,000 tons in 2020), it will be paramount to perform considerable optimizations of
production processes. Due to self-shadowing, large cultivation volumes of dense cultures
will need artificial illumination, and this comes at a cost [30]. Optimizations towards
efficient and cost-effective illumination of the cultures combined with high photosynthetic
efficiency is therefore of prime importance, and here no stone should be left unturned. The
aspects we focus on here (large cells and blue flashing light) are not, to our knowledge,
tested together and implemented in current microalgae biorefineries. The obvious reason
why blue light is interesting is that it penetrates more easily and deeper into water/other
media than longer wavelength light and it peaks around the maximum absorbance of Chla.

The k (diffuse extinction coefficient) values we calculated after having measured irra-
diance at different depths in the 300 m3 reactor clearly demonstrate that microalgae size
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can influence optical depths in dense cultures. The light intensities calculated in Table 2
are based on biovolume as a biomass proxy. It can here be argued that less biomass can
be present per biovolume unit in large compared to smaller cells. Our routine samplings
during cultivation sessions in the 300 m3 reactor have not revealed such traits (harvested
biomass vs. biovolume), while our DW vs. biovolume ratio measurements (Table 1) re-
vealed ca. 17% lower biovolume-specific DW for large cells. However, biovolume-specific
scans revealed a doubling of absorbance for small cells compared to large ones, and in total
this demonstrates 1.75 times higher DW-specific absorbance. Our routine samplings of cells
of different sizes vs. measurements of irradiance should reflect reasonable “normal” culti-
vation sessions. Typical biovolume concentrations in such situations are 0.4–0.8 cm3 L−1,
depending on cell size. If cells then have approximately the same biomass to biovolume
ratio irrespective of size, at 1 m depth, 100 µmol m−2 s−1 will be reduced to 4.59 and
0.66 µmol m−2 s−1 for 42 and 24 µm cells, respectively, if biovolume is 0.8 cm3 L−1. Further-
more, at biovolume 0.4 cm3 L−1, if a cell is in an environment with artificial illumination
units 2 m apart with constant mixing speed, the 42 µm cell would receive a mean irradiance
of 26 µmol m−2 s−1 compared to 14 µmol m−2 s−1 with a 24 µm cell (applying Formula 1).
Such self-shadowing aspects have only sporadically been described in biology-focused
literature [31–38] and does not appear to be a theme in microalgae biorefinery texts [16].
Our results are based on experiments with the same diatom species, but we expect that
the concept is potentially valid across broader taxonomies and should be tested for single
cell photoautotrophs in general. Additionally, it should be noted that we have focused
on light available to microalgae, and not how they photosynthesize/absorb and reflect
photons. A well-known “dogma” related to microalgae size and metabolism is that the
pace of metabolism decreases allometrically with increasing cell size. This is, however, not
generally valid, and new experimental evidence indicates that biomass-specific production
and growth rates can be comparable in both small and large cells [52]. Further, what
is left out of these discussions is the question of whether the cells operate at maximum
growth rates or not. In fact, this seldom happens in reactors. Another issue that can lead to
misunderstandings is that in a commercial photobioreactor, it is usually light, rather than
temperature or inorganic nutrients, that limits growth. This makes the optical conditions
(here optical depth) in the reactor of prime importance. It is also important to note that in
persistent cultivation of a species, the photosynthetic characteristics can co-evolve with cell
volume [53]. We therefore conclude that, when cell specific biomass (DW) increases with
size, increased cell size can increase the optical depth in the culture.

Measurement of O2 evolution has been widely used to quantify phytoplankton net
production, both in natural samples and in laboratory experiments. Quantification of
released O2 can be done using different methods to analyze the content in water (cultivation
medium), both at the beginning and end of a defined illumination exposure period [54].
In laboratory experiments it is common to expose the microalgae culture to a gradient in
light intensity and thereafter fit the data to a P vs. I model. Details in the experimental
methods used vary considerably between studies [49,55]. In our experiments we applied
a fast response electrochemical O2 sensor [56]. As we practiced it, the method measured
net O2 production, while respiration was measured separately in dark conditions. As with
most other methods used to measure photosynthesis, it has been debated if the method
is useful to measure production, most often by comparing it to results from the 14C tracer
method. How oxygen is measured also matters; Ryther and Vaccaro used a light/dark
bottle method and Williams et al. used an electrode [57,58], and both found reasonably
good agreements. Trampe et al. [59] observed variable correlations and attributed this to
the fact that each method measures the activity of different reactions in the photosynthetic
pathway. However, it is our conclusion that O2 production is a reliable biomass production
proxy, both due to its tight coupling to photon harvesting [59] as well as the constant ratio to
CO2 uptake [58]. Additionally, the electrode method is simple to use and it reacts ultra-fast
to changes in O2 in the culture [60].
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Our results showed that for sequential exposures, mean O2 production and alpha for
blue light was the highest and almost the same for linear and 100 Hz light (Table 3). White
1 also had both high O2 production and alpha values. Dark respiration was measured
3 times during these experiments (not shown) and varied between 2 and 4.5% of the mean
O2 production.

There are numerous observations concluding that microalgae and especially
diatoms [61–64] have the most energy-efficient biomass synthesis in blue or blue-green
(shortwave) light, i.e., at wavelengths where Chla and other pigments have absorption
maxima [65]. Also relevant in terms of diatom mass (biorefinery) cultivation is that blue
light is essential for high light acclimation in diatoms [64]. This can play an important role
in reactors where light is unevenly distributed and cells are mixed towards or away from
high light intensities (from natural illumination or LEDs). The main reason for performing
sequential 3 min exposures to increasing light intensities was to mimic the variable light
intensities that algae cells experience when mixed in a vertical column photobioreactor.
In a real cultivation situation, the cells will though experience much faster variations, i.e.,
mixing rates >0.1 m s−1 [16]. Our sequential exposure results must, in our opinion, be con-
sidered indicative of relative photosynthesis (growth) at linear and PWM light vs. different
spectra (light colors) at the prevailing adaptation conditions. When we performed repeated
exposures to the same linear and 100 Hz blue light intensities, we logged substantially
higher O2 production values than the 3 min sequential light exposures. Similar to the
sequential gradient exposures, blue linear and 100 Hz light had highly comparable O2
production values. Both linear and PWM light also had a P vs. I response. The fastest
increase for blue light was up to irradiances between 20 and 35 µmol quanta m−2 s−1, but
the highest O2 values were at 210 µmol quanta m−2 s−1. Even if the sequential experiments
yielded lower mean O2 production (Table 3), the steepness (alpha) of the P vs. I curves were
sometimes higher, and maximum O2 productions were more similar to repeated exposures
to the same light. We believe this simply reflects the adaptation to 20 µmol m−2 s−1 that
took place prior to the experiments. Repeated measurements with the same light also
allowed cells to adapt to the selected intensity. In a large photobioreactor with submerged
LEDs, the light intensities that the cells are exposed to will also be heavily influenced by
reactor and illumination construction specific details [66], in total probably often varying
between zero and 1000 µmol m−2 s−1 [16,67].

Photoautotrophic microalgae must both utilize available photons as efficiently as
possible and avoid possible damaging effects of high light intensities. Induction of pho-
toprotection may be rapid (<0.5 h) while low light adaptation is more of a slow process.
Nymark et al. [68] observed a steady increase in the light saturation index from ca. 105
to 130 µmol m−2 s−1 after adaptation to 35 µmol m−2 s−1. However, during long-term
cultivation experiments at low temperatures, Gilstad and Sakshaug [69] observed that max-
imum growth rates for our species took place in as little as 33 µmol m−2 s−1 light, partly in
accordance with our O2 production results. This also confirms the common conception that
in diatoms, and especially in arctic species, the photoadaptive strategy is tuned to low light
environments [70,71].

Data that describe diatom photosynthetic response to fast-fluctuating light (as experi-
enced by mixing in reactors) is scarce. A large part of these studies conclude that diatoms
adapt fast and well to prevailing light regimes [62,72,73]. Our results, that sequential
exposure to increasing light yields less O2 production than repeated exposure to the same
light, unsurprisingly, may indicate that a homogenous light climate is to be preferred.
Alternatively, this may reflect that the exposure conditions we applied cannot be directly
transferred to large-scale reactor mixing conditions. We consider that the results in Table 3
were suited to discriminate O2 production between different spectra and linear and PWM
light. We interpret the data in Table 4 as production ranges which are more relevant to the
chosen light intensities in a reactor with homogenous illumination. The main conclusion
here is that blue PWM 100Hz light has production yields comparable to linear blue (or
other spectra) light at the same maximum light intensity.
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A timely remark here is that it is of utmost importance to define clearly how light is
measured to allow light climate vs. production to be precisely interpreted [74]. This includes
descriptions of light meters used, discrimination between scalar and cosine measuring
method, and if instruments were calibrated. An issue that can introduce misinterpreta-
tions and difficulties in comparing results is that when performing batch cultivation, cell
concentrations will increase and make precise illumination difficult to describe.

Our 7 days’ growth experiments clearly confirm the results from the O2 production
experiments: that growth rates are highly comparable for blue linear and 100 Hz PWM
light. The mean obtained growth rates varied by around 1.0 doublings day−1 (Table 5) and
the results were statistically indistinguishable. The main reason why this is interesting in
a biorefinery context is that when applying 100 Hz square light, the quantity of photons
delivered into the culture is only 50% of photons in linear mode. With dedicated power
supplies this potentially can imply large energy savings. Maximum obtainable growth rate
at the prevailing temperature (ca. 10 ◦C) is ca. 1.6 doublings day−1 according to Eppley [75].
If the maximum in Eppley shall be obtained, illumination, temperature, nutrients and CO2
supply must be optimal. Species-specific temperature optimums also play a role. During
our experiments we believe that it was CO2 limitation (high pH) and possibly high O2
concentrations that limited growth somewhat, but our obtained growth rates are in the high
end of what is usually obtainable at ca. 10 ◦C in culture. Our own cultivation experiments
with P. glacialis have shown a maximum of around 8–10 ◦C, but it also decreases well down
to 0 ◦C [76].

The use of high-frequency flashing LED illumination can be a novel and innovative
method to mitigate light attenuation in photobioreactors [39]. Microalgae can have com-
parable or even higher photosynthetic rates when exposed to flashing compared to linear
light [77,78]. One theory is that light pulses of 100 µs or shorter are stored in reaction
centers and available to electron transport in the dark period, indicative of photosynthesis
working close to its limits [37]. Our best production with PMW illumination was with
much longer square pulses (5 ms at 100 Hz). Diatoms may also act differently from green
and blue-green microalgae, for example, and some other investigations with microalgae
have reported the same growth with 100 Hz (or lower) frequencies compared to linear
light [79–81].

It is probable that short light duty cycles from ms and below only have minor intra-
cellular effects while ms and longer cycles can have effects on e.g., lipid and amino acid
composition [39,82–84]. This potentially can enable designed production of desired products.

Lipid class analysis of biomass from our blue linear vs. 100 Hz long-term growth
experiments (Table 6) showed a significant (ca. 50%) decrease in the TAG (triacylglycerol)
content in the 100 Hz samples, compared to the linear ones. This was compensated by
increased amounts of MGDG (monogalactosyldiacylglycerol). Apart from that a decreased
content of TAG in food and fish feed can be beneficial for e.g., cardiovascular health [85,86],
this demonstrates that logging the chemical composition of the algae when manipulating
PWM illumination is important.

The main result from our experiments is that high-frequency flashing light has the
potential to significantly reduce energy use in LED-illuminated photobioreactors. If square
flashing light is applied with dedicated cost-effective power supplies, light is only “turned
on” during the duty cycles [87]. We suggest combining this with large cells and blue light.
Other measures that can contribute to save energy used in reactors include cultivation of
species with high photosynthetic efficiency or high Rubisco (CO2 uptake) specificity and
genetic manipulation [88,89].

5. Conclusions

Our results showed that large diatom cells can make more photons available for
growth compared to smaller cells, since biovolume-specific light absorbance was here
(1.75 times) lower for large than for small cells. It is well known that blue light penetrates
water more easily than light at longer wavelengths, but the effects on growth and chemical
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content is variable. In our production experiments we observed higher O2 production
values for blue light compared to two types of white (natural), green and red light. Further,
we observed similarly high values for blue 100 Hz pulsing light than for linear blue light.
Ordinary batch cultivation experiments confirmed these results, i.e., we observed the same
(ca. 1.0) doubling rates for pulsing and linear blue light. However, we observed a decrease
(ca. 50%) in the lipid class TAG (triacylglycerol) when 100 Hz was applied. In sum, this
highlights that potentially significant energy savings can be obtained by having a large
focus on light quality (i.e., spectrum, pulsing) vs. cell size.
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