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To meet the increasing demand for mass-produced microalgae, production
processes must be optimised and monitored. The herein described optical sensors
provide an instantaneous and direct opportunity to monitor biological and
biochemical information for microalgae cultivation. Combination of expertise in
natural science and engineering, as well as the application of novel data
acquisition and analysis methods, are required to develop an appropriate
system for industrial purpose. Prior to this, the correlation between biological
and physical parameters must be determined. In this work, we combined colour
science with the experimentally determined dataset from the cultivation of
Microchloropsis salina. Our results indicate a resilient correlation between algal
biomass and its specific pigment concentration with the determined reflection
spectrum. Data evaluation allowed us to establish identification models for
contactless quantification of the respective biological parameter in large-scale

automated bioreactors.

1. Introduction

Derived from the Latin word ‘alga’ (seaweed),
algae is the common name for an extremely
diverse group of aquatic photosynthetic
organisms. Many algae show a large eco-
nomic potential. Rich in both nutrients and
vitamins, algae have long been recognised as a
promising alternative food source that could
help mankind to overcome the challenges of
food shortage and overpopulation.! Several
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algal species have been established as highly
demanded dietary and nutraceutical products,
with annual production rates in the range of
thousands of metric tons.” Algae are also
capable of biosynthesising various high-value
bioproducts such as carotenoids,> polyun-
saturated fatty acids,® polysaccharides’ and
bioactive compounds.® The oil industry is
equally interested in algae due to their ability
to accumulate large amounts of lipids, which
could be turned into biofuel and biodiesel.’
Effective cultivation of algae requires easily
accessible data of biomass, cell size, cell
number, cell morphology and concentration
of biochemical ingredients. Measurements of
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optical density (OD) and automated -cell
counting have been established as reliable
methods to quantify biomass or cell
number.'®!" Characterisation and quantifica-
tion of bioproducts, on the other hand, still
rely on laborious, expensive, time-consuming,
destructive analytical methods such as high-
performance liquid chromatography (HPLC),
which exclude the possibility of real-time
monitoring. In this context, optical contact-
less measurement (OCM) appears as an
attractive alternative to the conventional
methods as it allows rapid, non-destructive
measurements at only a fraction of the cost.
In agriculture, OCM has been applied in the
measurement of chlorophyll or nitrogen
status,'? fruit maturity identification,'® detec-
tion of diseases'® or diverse stresses.'’

Also, some OCM techniques are successfully
used for al%ae, including confocal Raman
microscopy,'®!”  Fourier-transform infrared
spectroscopy,'’ as well as measurements of
fluorescence'® or absorption.'” Measurement
of reflectance spectra is another popular OCM
technique that has key advantages. One of the
first applications of reflectance analysis for
algae was the monitoring and control of toxic
oceanic algal blooms.*® Another application is
taxonomic characterisation: key differences in
reflectance spectra allowed Gitelson er al.*' to
distinguish between species of four important
microalgal phyla (Chlorophyta, Cyanophyta,
Bacillariophyta and Pyrrophyta). Reflectance
measurements could also be used for algal
growth monitoring in bioreactors.*

Algae are highly suitable for reflectance
measurements because they produce large
quantities of pigments. Furthermore, many
algal pigments are valuable and highly sought
pharmaceutical/nutraceutical products. The
colour nature of an algae sample contains
information of not only its biomass but also its
pigment contents — parameters that are of great
economic interest. The application of reflect-
ance measurement in large-scaled cultivation
also renders obsolete the employment of
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conventional chemical analysis procedures on
small, precious biological samples, which are
laborious to obtain with destructive extraction
methods and reliant on expensive and bulky
equipment. In contrast, the spectral reflectance
measurement can be implemented online,
direct and immediate, thus opening the oppor-
tunity of real-time monitoring, controlling and
optimisation. Accurate and reliable spectral
data for each spectral band of the complete
spectral power distribution can be obtained
with high-cost spectrometers. In case of the
establishment of accurate identification
models, the spectrometer can be replaced by a
more affordable sensor chip. By this, economic
device design can meet technical benefit. With
the approach described herein for the estab-
lishment and application of an identification
model, cultivation optimisation combined with
specific ingredient optimisation can be feasible
in modern massive industrial applications.
Despite these advancements and consider-
ations, the usage of OCM in the production
of industrially relevant algae remains, in
parts, a terra incognita. By this pre-feasibility
study, we aim to establish the basis for a new
identification model that could be applied to
large-scale automatic algal farms by combin-
ing biological parameters regarding the
microalga Microchloropsis salina with its
colour science properties to reveal possible
correlations between these two datasets.
Instead of expensive and time-consuming
chromatography techniques, this new
method will rely solely on colour analysis
for biological predictions and quantifications,
thus enabling the real-time simultaneous
monitoring of diverse biological and bio-
chemical parameters at very low cost.

2. Algae cultivation and measurements
of biological parameters: Experiments
and results

We used the Microchloropsis salina strain
SAG 40.85% for experiments. Algal cells were



maintained on agar solidified SWES
medium.?* Unless stated otherwise, cells
were cultivated in liquid SWES medium
without soil extract. Prior to the main experi-
ment, 25mL of pre-culture were inoculated
with cells from agar plates and cultivated for
seven days on a horizontal shaker at 90 r/min
at room temperature and under constant top
illumination of 80umol/m?s white light.
Subsequently, the algal culture was trans-
ferred to a bubble column bioreactor with a
volume of 500 mL and cultivated for another
seven days under continuous lateral illumin-
ation of 80umol/m?s white light. Agitation
was provided by a constant stream of
pressurised air enriched with 2% of CO,. At
the end of the two-week period, the optical
density at 680 nm (OD680) of the pre-culture
reached 13.

Air pump

Photon flux density
[umol/m?.s.nm]

Air inlet
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Algal cultivation was carried out in four
independent bubble column Dbioreactors
with a volume of 500 mL each (Figure 1).
Agitation was provided by a constant stream
of pressurised air enriched with 2% of COs,.
[llumination was provided by a mixture of
light-emitting diodes (LED) of different col-
ours — white (3200 K), violet (405nm), blue
(465 nm), green (515nm), yellow (593 nm) and
red (630 nm) (Figure 1), whereby two cultures
(M, and M,) were illuminated with low light
intensity of 50 pmol/m?s and the other two
(M5 and M,) with high light intensity of
150 umol/m?s. Ambient temperature was
maintained at 25°C. The pre-culture was
used to inoculate the new bioreactors; the
starting OD680 of all four bioreactors was
0.646. We defined the start of the cultivation
as Day 1 (D;); 10mL of samples were taken at

420 520
Wavelength [nm]

620 720

Figure 1 (Upper left) Schematic diagram of a bubble column used for algal cultivation. (Upper right) Spectrum of
illuminating LEDs. (Lower) Algal cultures at Day 9. From left to right: M,, M,, Ms, M,
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Day 1 (D), Day 4 (Dy), Day 5 (Ds), Day 8
(Dg) and Day 9 (Dy) for determination of
OD680 and pigment concentration.

The OD680 values were measured by
measuring the absorbance of the algal sus-
pensions at 680 nm with a spectrophotometer.
Quantification of two main pigments of
Microchloropsis  salina chlorophyll A
(green) and carotenoids (orange) — was
carried out as follows: 1 mL of sample was
transferred to a 1.5mL screw-cap Eppendorf
tube and centrifuged for 5 minutes at 10 000 r/
min. The supernatant was removed, and 1 mL
methanol and 0.1g glass beads (0.5mm in
diameter) were added. The cells were subse-
quently mechanically disrupted in a
Benchmark Bead Blaster 24 homogeniser
(four 10-s cycles at 7m/s® with 10-s pause in
between), and the pigments were extracted
into methanol. The pigment-containing
methanol phase was separated from cell
debris by centrifugation at 10 000 r/min for
10 minutes and then transferred to a fresh
Eppendorf tube. Pigment extraction was
repeated until the pellet was white. In the
next step, we determined the absorbance (A)
at 665nm, 652nm and 480 nm of the metha-
nol extract, using a spectrophotometer.
Concentrations of chlorophyll A and carot-
enoids can be calculated as follows*

Chlorophyll A[u ﬁ] — 16.5169 x A665nm

—8.0962 x 4652 nm (1)

Total carotenaids[ui] =4 x A480nm (2)

The development of OD680, chlorophyll A
concentration and total carotenoid concentra-
tion throughout the cultivation period are
presented in Figure 2. While the curves of
batches which were cultivated under the same
conditions — M; compared to M, and M;
compared to M, — were relatively similar, there
were remarkable differences between M, M,
(low-light group) and M;, M, (high-light
group) in all three parameters. Under low-light
conditions, the rates of biomass production
(represented by the slope of OD680 curves)
were higher than under high-light conditions.
On the other hand, more pigments were
produced under high light than in low light.
These differences led to easily recognisable
differences in colours. At the end of the culti-
vation (Day 9), M; and M, appeared bright
green, while M3 and M, were yellow (Figure 1).

3. Description of the optical
measurement system and results

3.1 Optical measurement system

The measurement system included (1) a
spectrometer camera CS2000 of Konica
Minolta — CS,° (2) a white standard of
SphereOptics — WST?’ and (3) a stable
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Figure 2 Developments of OD680, green
throughout the cultivation period
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Figure 3 Measurement procedure and system for the spectral reflectance of microalgae

tungsten halogen lamp — LS. The task of the
CS2000 was to measure the absolute spectral
radiance distributions so that the colour
properties described completely by spectral
reflectance of measurement objects could be
determined. The white standard provided
excellent spectral reflectance (SRwst(A) with
wavelength A in nm). This spectral reflectance
is nearly 100% in the complete visible wave-
length from 380 to 780 nm; it was previously
provided by SphereOptics. The task of this
white standard was to support data for the
comparison between its spectral reflectance
and the one of the measured objects. The
stable tungsten halogen lamp (LS) played an
important role at it provided a stable absolute
spectral power distribution (S(1)). Its spec-
trum must be constant during measurement
and is not dependent on temperature, time
and other factors; therefore, spectral changes
achieved from the measurements resulted
from the measured objects and their bio-
logical/optical properties only.

Another aspect of the measurement pro-
cedure, the optical determination, can be
classified into the three elements (1) measure-
ment with white standard, (2) measurement
with water and (3) measurement with micro-
algae culture. In detail, the product of the
tungsten halogen lamp spectrum (S(A)) and
spectral reflectance (SRwst(1)) was measured
by CS2000; SRwst(%) has been provided by
the supplier. Therefore, the spectral

power distribution can be determined by
equation (3)
S(A) - SRwst(A)

S0) = SRwst(A)

)

Similarly, the optical properties of the
water (W())) can be computed by the division
between the measured product S(A) and W(})
by CS2000 and the determined spectral power
distribution S(1), following equation (4)

S(A) - W)

W =""5m

(4)

The product of the water’s optical property
W()) and the subtraction between spectral
power distribution S(A) and the spectral
absorption of the measurement objects
(OA(2)) can be measured by CS2000, while
W()) is known. The spectral reflectance of the
measurement objects (SRopjeci(1)) 1s the prod-
uct divided by W(A), as in equation (5)

W) - {S(A) — 0A(M)}
W)

SRovject(A) = (5

The spectral reflectance determined in
equation (2) is the function of growth and
biological ingredients of the measurement
objects. In the case of this study, they are
the microalgae samples. Consequently, the
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spectral absorption of the measurement
objects can also be determined by subtraction
of the spectral power distribution S(A) and
spectral reflectance SRopjec(2), following
equation (6)

0A(x) = S(A) — SRopject (1) (6)

Spectral absorption comprises many com-
ponents such as the absorption of pigments
and other components. The absolute exact
determination of all components is quite
complex. However, within the limits of our
identification models, we considered only the
approximately spectral absorption of the
specific pigments for further calculations.

3.2 Raw optical measurement results and
discussion

The basis of the measurement system and
principle is given in detail in section 3.1. The
microalgae samples under two different culti-
vation conditions, as depicted in section 2,
were measured. Herewith, the spectral reflect-
ance values in Figure 4 are those of the same
microalgae samples under different growth
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days. The standard daylight spectrum 6500 K
under the view angle 2° was selected to create
the appropriate colour appearances corres-
ponding with the true colours of the micro-
algae samples with different growth days and
cultivation conditions in the experiments.
Based on Figure 4, the microalgae samples
showed similar growth tendencies. On the
first day, the colours of the different samples
were nearly similar, i.e. dark grey, reflecting
the colour of the culture medium.
Subsequently, over the following days, the
samples strongly absorbed blue short wave-
lengths (from about 400 to 480 nm; peak at
approximately 80-99%) and red long wave-
lengths (from about 650 to 700 nm; maximum
at 60-99%). However, the different spectral
changes of two microalgae groups condi-
tioned under two brightness levels (M; —
M, as low photosynthetic photon flux in
50 pmol/m?s and M5 — M, as high photosyn-
thetic photon flux in 150 pmol/m?s) could be
reliably identified. Under low photosynthetic
photon flux, the spectral absorption of M,
and M5 in both the blue and the red range was
weaker (maxima of approximately 99%  for
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Figure 4 Spectral reflectance in the case of similar microalgae and different growth days

CCT: colour correlated temperature
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blue and 70% for red). In addition, the
spectral reflectance values of the green—
yellow—orange middle wavelength were also
quite flat, with small spectral fluctuations.
These findings are consistent with the lower
contents of chlorophyll A and carotenoids in
Ml and Mz.

4. Fine colour processing and identifica-
tion models based on colour science

4.1 The growth identification model based on
colour shift Axy

In Figure 2, the relationships between
growth and OD680, chlorophyll A and carot-
enoids in the growth process of microalgae
samples are depicted. Based on the spectral
measurement in section 2, spectral changes of
microalgae reflectance were identified and are
displayed in Figure 4 regarding the lighting
technique. The main question was how to
combine these so that only basic parameters
of simple measurable colour indices, which
can be provided by an inexpensive colour
sensor, could aid to quantify the growth index
0D680.

M- CCT - 6500 K - 2°: Colour Shift D4- Dg

0.8
0.6
> 04
0.2

0 0.2 0.4 0.6
X

0.8
0.6 |
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0 0.2 0.4 0.6
X
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When the microalgae samples (characterised
by spectral reflectance SRpficroalgac(r)) were
illuminated by a daylight source (D Lgsoo(2)
with wavelength A in nm) with the correlated
colour temperature (CCT in K) of 6500 K and
a view angle of 2° (denoted by the colour
matching function x,, y» and z,), their natural
colours could be observed visually, as shown
in Figure 4. Based on colour science, they can
be converted into chromaticity (x, y) in the
colour diagram xy in Figure 5. Herewith, the
chromaticity x and y can be calculated as
follows?® !

780
X = f D Lesoo(M) - SRMicroalgae()‘) “x2(A) - da
380

(7)
780
Y= DLGSOO()”) . SRMicroalgae()‘) V2 ()‘) -da
380
®)
780
Z = DL6500()") : SRMicroalgae()‘) : ZZ()‘) -da
380
)
M,- CCT - 6500 K - 2°: Colour Shift Dy- Dg
0.8 1
0.6 |
>~ 0.4
0.2
0
0 0.2 0.4 0.6
X
My- CCT - 6500 K - 2°: Colour Shift D- Dg
0.8 ]
0.6 1
> 0.4
0.2

0 0.2 0.4 0.6

Figure 5 Colour shifts of microalgae sample under different growth days

CCT: correlated colour temperature.
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As a result, from the first to the final
growth day, the natural colours of the
microalgae samples changed from the centre
of the colour diagram xy to its boundary in
the direction of colour saturation. These
colour shifts are quite similar qualitatively
and nonlinear, but saturated at a point. Both
the speed of the change and saturation point
were different according to growth days and
microalgae samples.

Quantitatively, the output of colour sen-
sors automatically supplies the chromaticity
in time. Therefore, the colour difference in
time can be determined as follows

2 2
Axy(O) = (= + =y (12)
9.0
—-©- M1-0D680
8.0
=£] M2-0D680
7.0
o [l M3-OD680
6.0
agfim V4-0D680
o 5.0
® M3:y = 164.722x2 - 1.09x + 0.7653
Q =
Q 40 R?=0.98

3.0

2.0

1.0

0.0

0.0E+00 2.0E-02 4.0E-02 6.0E-02 8.0E-02 1.0E-01

M1:y = 236.42x2 + 14.244x + 0.8674
R2 = 0.993

M2: =284.48x2 + 3.6808x + 0.881
R2 =0.991

M4:y = 120.43x% + 1.0633x + 0.7229

where (xg, y9) and (x.,y,) are chromaticity at
time 7 and ¢, respectively. Axy(t) is the colour
difference in time compared with the start
time. These colour difference functions are
described in Figure 6 with the quadratic
polynomial functions. The coefficient of
determination (R?) values of 0.988 or 0.99
prove that the quality of the correlations is
significant and that the model can be applied
as the expected identification model of the
growth index ODG680 using colour shift in
time.

4.2 Ingredient identification models using the-
oretical quantities of ChA and CaT

Equally important to the growth index
0D680 is the green pigment chlorophyll A.
This index has commonly been determined
with offline, time-consuming and destructive
methods and devices in biology laboratories,
as mentioned in the Results chapter and in
Figure 2.

R%=0.98 :: i
Yy AAJ
1.6E-01 1.8E-01

1.2E-01 1.4E-01

Colour difference Axy

Figure 6 Identification models of the growth index OD680 using colour shift
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With regard to lighting technique, if
the luminaire of the microalgae lighting
system is fixed with its absolute spectral
power distribution (SPD(%)), the -effective
absorption  curve of  chlorophyll A
(Chlorophyll_A(2)) has previously defined as
that in Figure 7 and the spectral reflectance
values (SRmicroalgac(r)) are shown in Figure 4,
the integrated amount for a theoretical quantity
of the green pigment chlorophyll A (ChA) can
be determined as follows

780
ChA = / SPD(X) - {1 — SRuicroalgac (1)}
380

- Chlorophyll_ A(%) - dA
(13)

To quantify the theoretical quantity of
ChA in a real application and to keep the
technical update with the newest innovation
of horticulture lighting, we studied the opti-
mal LEDs for horticulture lighting and
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spectral effect grade of valuable (beta caro-
tene, chlorophyll A and chlorophyll B) ingre-
dients based on the technical publication of the
company LUMILEDS (lumileds.pnwsoft.com
“LUMILEDS**). The absolute spectral
power distributions of the LEDs with a
photon flux density higher than 53 pmol/s
and a spectral effect grade are shown in Figure
7. The major peak wavelengths were in the
blue short wavelength range (380—490 nm) and
in the red long wavelength range (600—760 nm).
Some LEDs were also supplemented with

green—yellow—orange  wavelengths  (500—
600 nm) and far red wavelengths.
The technical specifications of the

common LEDs used in horticulture are
listed in Table 1. They are the best up-
to-date LED spectra that are necessary for
Parameter SPD()), used in equations (13) and
(14). The results show that three LEDs (Deep
Red, Pink and 25% Blue) are the best
candidates depending on the evaluation par-
ameters (photon flux density PPF in umol/s
and/or biological efficacy in umol/J). In this

Common LEDs used in horticulture after lumileds.pnwsoft.com © LUMILEDS

Absolute spectral power distribution W/nm
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g
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Figure 7 Optimal LEDs for horticulture lighting and spectral effect grade of valuable (beta carotene, chlorophyll A and

chlorophyll B) ingredients after lumileds.pnwsoft.com “LUMILEDS

2,33
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work, LED Pink was selected because it has
the highest photosynthetic photon flux in the
wavelength range 400-700 nm (PPFp4r 400700
=87.36 umol/s), while other parameters are
not low compared to the other two LEDs.

In Figure 8 (left), the longer the growth
day, the higher the chlorophyll A amount
(ug/mL) and the higher the theoretical quan-
tity (ChA). Based on the clear tendency, the
identification models of the green pigment
chlorophyll A, using Quantity ChA, are
constructed like the curves and the quadratic
polynomial functions in Figure 8 (right). The
coefficient of determination (R*) values of

0.90 to 0.99 confirm that the quality of the
correlations is very good and that the models
can be applied as the expected identification
models of the green pigment chlorophyll A
using Quantity ChA.

Similarly, the integrated amount for a the-
oretical quantity of the yellow pigments carot-
enoids (CaT) can be determined as follows

780
CaTl = /
380

- Carotenoids(}) - dx

SPD(A) : {1 - SRMicroalgae()\)}

(14)

Table 1 Technical specification of the common LEDs used in horticulture after lumileds.pnwsoft.com “LUMILEDS3?33

Part number Per (W) PPFrotal,380-850 PPFp R/ 400-700 Efficacy npar,400-700 Efficacy nrotal,380-850
(umol/s) (umol/s) (umol/J) (umol/J)
Deep Red 28.896 67.8 67.2 2.33 2.35
Far Red 28.896 71.85 4.17 0.14 2.49
Lime 40.32 92.1 89.6 2.22 2.28
Pink 38.304 93.83 87.36 2.28 2.45
2.5% Blue 38.304 86.54 70.56 1.84 2.26
12.5% Blue 38.304 91.94 78.4 2.05 2.40
25% Blue 38.304 95.78 82.88 2.16 2.50
Royal Blue 40.32 83.39 82.88 2.06 2.07
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Figure 8 Identification model of the green pigment chlorophyll A using Quantity ChA
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where carotenoids(}) is the effective absorp-
tion curve of carotenoids, as defined.

The tendencies of experimental and theor-
etical values in Figure 9 (left) were relatively
similar compared to those shown in Figure 8
(left), although their magnitude was lower
and the standard deviation was higher.
Consequently, the identification models of
the yellow carotenoids using Quantity CaT
can be built as in Figure 9 (right).

5. Conclusions and future works

In this work, the expertise of two groups
working in natural science and in engineering
science was combined to develop the basis for
a new measurement system capable of moni-
toring growth and pigment production in
green algae. Over nine days, Microchloropsis
salina samples were cultivated under two
different lighting conditions (M3 and M,
under 150ymol/mzs and M, and M, under
50 umol/m~s). The higher photosynthetic
photon flux resulted in lower biomass but
better pigment production. These findings

Experimental Carotenoids in ug/mL & Theoritical Quantity CaT
3 T r T
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confirm the well-known fact that light is an
important regulatory factor in algae biology
and metabolism.>* Via comparison of reflect-
ance spectra, we were able to clearly distin-
guish the high light group (M5 and M) from
the low light group (M; and AM,), thus
demonstrating the potential applications of
reflectance analysis both in algae-light-inter-
action research as well as in lighting opti-
misation for algal production.

The nature of the colour properties by
spectral reflectance can be measured pre-
cisely by a modern spectrometer. The results
helped to determine the colour shift of
microalgae samples over time.
Consequently, growth identification models
using colour shift Axy were developed, with
a good correlation to algae growth rates.
Once the models are developed in more
detail, low-cost colour sensors*>?® can
replace the spectrometer to design inexpen-
sive devices. More sophisticated ingredient
identification models using theoretical quan-
tities ChA and CaT are also proposed. We
observed good correlations of ChA and CaT
to the practically determined contents of
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corresponding green and yellow pigments
(chlorophyll A and carotenoids). Our results
indicate that it is possible to calculate
biomass and the specific pigment concentra-
tion of an algal culture based solely on its
colour properties. Such correlations form the
important starting point for the establish-
ment of models applicable for microalgae
cultivation.

As a pre-feasibility study, this work
revealed the large potential of the cooperation
between biological and colour research. The
obtained identification models are of real
interest for the monitoring and optimisation
of large-scaled automated microalgae cultiva-
tions. Nevertheless, the robustness and accu-
rateness of our models still needs to be
verified in extensive testing with larger
amounts of samples and greater variations
of biological conditions. The usefulness of our
models for the prediction of other biological
and biochemical parameters also requires
further studies. These points will be addressed
in our future works.
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