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Abstract—Microalgae-based photobioreactors (PBR) for Life
Support Systems (LSS) are currently being investigated for future
space missions such as a crewed base on planets or moons. Biological
components may help reducing resupply masses by closing material
mass flows with the help of regenerative components. Via
photosynthesis, the microalgae use CO,, water, light and nutrients to
provide oxygen and biomass for the astronauts. These capabilities
could have synergies with Earth applications that tackle current
problems and the developed technologies can be transferred. For
example, a current worldwide discussed issue is the increased nitrate
and phosphate pollution of ground water from agricultural waste
waters. To investigate the potential use of a biological system based
on the ability of the microalgae to extract and use nitrate and
phosphate for the treatment of polluted ground water from
agricultural applications, a scalable test stand is being developed.
This test stand investigates the maximization of intake rates of nitrate
and quantifies the produced biomass and oxygen. To minimize the
required energy, for the uptake of nitrate from artificial waste water
(AWW) the Flashing Light Effect (FLE) and the adaption of the
illumination spectrum were realized. This paper describes the
composition of the AWW, the development of the illumination unit
and the possibility of non-invasive process optimization and control
via the adaption of the illumination spectrum and illumination cycles.
The findings were a doubling of the energy related growth rate by
adapting the illumination setting.

Keywords—Microalgae, illumination, nitrate uptake, flashing
light effect.

NOMENCLATURE
A. Acronyms
IRS Institute of Space Systems
LED Light Emitting Diode
FPA Flat Panel Airlift
SGW Synthetic Ground Water
GW Ground Water

II. BACKGROUND

FTER several years of research and development for

microalgae in space applications, such as hybrid LSS, the
IRS also focusses on transferring the learned knowledge of
process control to terrestrial applications. One of the possible
applications is the field of water treatment of agricultural
waste waters. Overfertilisation can be attributed to the
leaching of fertilizers in agriculture and is associated with high
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levels of nitrate and phosphate in groundwater (GW) [1]. This
results in the eutrophication of affected waters and is a
problem with far reaching effects worldwide [2]. Filtration
processes lead to highly concentrated remnant and shift the
problem [3]. Biological processes offer an alternative [4], in
particular the use of microalgae for the absorption of Nitrate
and Phosphate offers the possibility to add a value creation to
the chain of waste water treatment by using the biomass and
the local CO, sink.

The overriding goal of the presented research project is an
optimized and automated reduction of nitrate and phosphate in
GW using microalgae as biological component.

III. SCALABLE REACTOR SYSTEM AND 1L TEST STAND

A.Requirements and Parameters of Optimization

The developed reactor system shall use the nitrate and
phosphate from polluted ground water to cultivate microalgae
and provide a value adding link to the chain of water
treatment. Fig. 1 shows the general mass flows of the system.
To further identify subsystems and components, objectives
and requirements are determined. The main objective is to
maximize the capability of nitrate uptake and the biomass
productivity in relation to the required energy and
maintenance efforts.

nitrate-polluted
groundwater

algae biomass

groundwater
without nitrate pollution

Fig. 1 Inputs and Outputs of the PBR-System

Another objective is the scalability of the system and
transferability of cultivation optimizations from a small scale
teststand to a larger system.

The requirements on the system are:

- Reduction of NO; and PO, below legal limits
- Operability with different types of GW
- No contamination of GW with microalgae

B. System Concepts

In order to achieve the requirements, different approaches
are possible. Figs. 2 and 3 present different options. Either the
nitrate and phosphate are extracted from the GW in a
separated filtration unit, or the PBR is fed directly with GW.
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Prefiltration comes with the advantage that the cultivation is

separated from the GW. That eliminates the risk of

contaminating the treated GW with microalgae and allows to

control and maintain the cultivation conditions in the PBR for

changing concentrations in the GW. Fluctuations in the

quantities of substances in the GW will not influence the

cultivation. A physico-chemical prefiltration will also increase

the buffer capabilities and the modular expandability. For this

project, the concept of prefiltration was chosen for further

analysis due to decisive advantages:

- Separation of cultivation from GW

= no risk of GW contamination

- Higher concentrations in the reactor

= smaller reactors possible

- Dosage of nutrients in the reactor

2 reproducible process control

- Fluctuations in the quantities of substances in the GW
have no influence on cultivation

- Higher product quality through controllable cultivation
parameters

- Same applicability for different GW types

- Modular expandability/connectivity of the system to other

applications
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Fig. 2 Concept of prefiltration
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Fig.3 Concept of direct input

C.Reactor Geometry and Scalability

The reactor geometry provides the environment for the
microalgae to meet the defined requirements. The geometry of
the PBR has an influence on mixing behavior, flow dynamics
and light distribution [5]. Another impact of the geometry is
on the biofilm formation, the required cleaning effort and
manufacturing costs.

To increase the energy efficiency of the microalgae
cultivation, the FLE can be used [6]. The FLE describes the
effect that the biochemical process of photosynthesis in a cell
requires only about 10% of the time light energy input [7], [8].
This effect can be used to maximize the growth rate per light
energy either with constant illumination by a strong
illumination intensity gradient and geometry induced vortices
or by a homogeneous light distribution with a blinking
illumination unit. Fig. 4 shows the comparison of the
simulated light field of different reactor geometries. For all

compared geometries, an air lift driven mixing is assumed. A
tubular reactor in blue, in which the air flows from the bottom
to the top of a transparent tube and the light hits the surface
perpendicular in each point is compared to a FPA reactor. For
the tubular reactor, the FLE would be realized by a blinking of
the light unit, so a constant light distribution is desired. The
FPA could use either a blinking light unit from both sides
(orange), where also a constant distribution of the light is
desired, or a constant illumination from one side and high
intensity gradient combined with geometry induced barrel role
swirls in the flow (yellow) [8]. For this simulation approach,
an illumination flux I, of 400 pmol/s-m? was assumed as this
intensity delivered good growth rates without photoinhibition.
An illumination of 680 nm wavelength and a biomass DS of
0.2312 kg/m* Chlorella vulgaris were chosen due to good
experimental experience with these settings. This was the
chosen setup, due to the availability of data on algae and
wavelength specific absorption coefficients &5 and due to
previously obtained experience with light intensities [9]-[13].
The simulation has been done with Matlab R2018b and is
based on the absorption principal of the Lambert Beer Law, as
shown in (1) [14], [15]. Here, the simulation is summarized; it
has been previously presented in [13].

log,o (170) =g-DS-L (1

The simulation calculates the resulting light flux intensity
for every level of depth by integrating all incoming rays
analytically. Due to the assumption that all rays are
perpendicular to the surface, a focal point occurs for the
tubular reactor at the center. The focusing of light towards the
center of the tubular reactor leads the compensation of the
absorbed intensity and creates a homogeneous light field.
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Fig. 4 Simulation of light intensity through different reactor types
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The both sided illuminated FPA (red) has a similar light
distribution than the tubular reactor. If the realization of the
FLE could be made possible by the illumination unit, these
concepts would be more suitable for the desired application
due to the simplicity of the geometries. Static mixers
complicate the production and the cleaning processes. To
evaluate the viability of the red and blue options, a study was
carried out to determine whether the FLEs can be induced and
save energy by using LEDs and what other advantages are
associated with controllable lighting (as described in Section
I0).

The tubular reactor was preferred for this application since
the cleaning of a tube can be done mechanically while in an
FPA, mechanical cleaning is difficult. The surface to volume
ratio is smaller, for a tubular reactor compared to a FPA with r
= d, as shown in Fig. 5 and TableI so less problems with
biofilm building can be expected.

L

r
Fig.5 nomenclature for calculation

TABLEI
SURFACE TO VOLUME RATIO

Flat Panel Reactor

Volume m-r?-h h-l-d

Surface 2-m-r-h 2-h-l+2-h-d
2 2

Surface/Volume = 2z, (ﬂ)
r a \ 1

Tubular Reactor

(b)

Fig. 6 Test stands with reactor capacities: (a) 1 liter, (b) 6 liters, (c)
24 liters

For this project, round profiles with a diameter of 50 mm
were selected as the reactor geometry.

First, a 1-liter test stand is built to demonstrate the
functionality of the reactor system setup in combination with
the illumination unit, to develop the sensor unit and to carry

out optimizations. A 6-liter reactor will then be set up to
demonstrate the transferability of measurements from the
small system to a larger one. Afterwards the 6-liter system can
be scaled in parallel. Scaling to 24 liters is planned. Fig. 6
shows the steps of the planned test stands.

IV. ILLUMINATION UNIT

The illumination unit supplies the algae with sufficient light
for photosynthesis to take place. The physiological process of
photosynthesis is an essential cornerstone that enables the
algae to be used for the stated purposes. In oxygen
photosynthesis, CO,, H,O and light radiation are transformed
into glucose (CsH,054) and O,:

6 CO, + 12 Hy0 — C4Hy,04 + 6H,0 + 60, )

In detail the process consists of two parts: the light reaction
and the dark reaction. In the light reaction the energy of the
collected photons is converted into chemical energy. For this
purpose, the water is split in the photolysis (3), oxygen
escapes to the environment and hydrogen is chemically bound.
The described complex is located in the thylakoid membrane,
in which the photo systems are embedded [16].

Light
Hy0 =520, +2H + 2¢° A3)

Through the electron transport chain the electrons then
move from the inside of the thylakoid membrane to the
outside (the light side) or protons from the outside to the
inside. The resulting electrochemical potential is converted
into chemical energy in the adeno-sintriphosphate synthase. In
this process, adenosine diphosphate (ADP) is converted with
phosphate (P;) into water and adenosine triphosphate (ATP) ()
[16], [17].

ADP synthase
ADP + P,

ATP + H,0 @)

Subsequently, the NADPH and ATP molecules are further
processed in the dark reaction. In this cycle (the Calvin
cycle) [7], the energy stored in the ATP molecules is used to
perform the reaction (2) and CO, is incorporated into glucose
or oxygen is released. During this dark phase, no light energy
is required. Providing light with the illumination unit, in a
frequency where it can be used by the photosystem, thus
increasing the energetic efficiency was the goal for the
development of the illumination unit.

Required light intensity levels at the surface of the tubular
reactor are between 40 pmol/s m? and 1000 pmol/s m?
depending on the biomass concentration [18], [19]. Due to the
round reactor geometry, the light must be pulsable to produce
the FLE. To achieve a high photon efficiency, LEDs were
chosen. Another optimization strategy is to cover the relevant
absorption spectrum by the selection and control of individual
LEDs. An adaptable illumination spectrum could also give the
option of non-invasive process control [20], [21]. Fig. 7 shows
the absorption spectrum of C.vulgaris and different pigments
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found in the microalgae [22], [23]. Chlorophyll a & b are
photoactive pigments, and the illumination unit should match
their absorption spectrum to reach a higher degree of
efficiency. Fig. 8 shows the result of a simulation trying to
optimize the matched spectrum with eight different LEDs by
picking eight different LED-spectra from a database and
adjusting the intensities individually.

Chlorophyll a & b with C. vulgaris absorption spectrum
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Fig. 7 Absorption spectra of C. vulgaris and different pigments
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Fig. 8 Spectrum matching simulations

Fig. 9 shows the developed light unit from the circuit
diagram to the first prototype. The shown light unit has eight
types of LEDs with different wavelengths, six LEDs of each
wavelength are on one module. Modules can be connected to
expand the light unit. Table II gives an overview over the
chosen LEDs and the individual wavelength. The light unit is
capable of controlling the intensity of each wavelength type
individually to control the illumination spectrum, and globally
to control the overall intensity. The light unit is also capable of
controlling “on — off” periods such as a flashing rhythm to
induce the FLE, with periods around one second, and a day-
night cycle with periods of 24 h.

At maximum intensity (all LEDs at 100%) of the
illumination unit at 10 cm is 1023 pmol/s m?, measured with a
Kipp & Zonen Par sensor PQS1. Below 200 pmol/s m? at 10
cm distance, some LEDs do not reach the required forward

current anymore. Therefore an operation at lower intensities
must be achieved by using dimming screens of increasing the
distance to the reactor surface.

Fig. 10 shows different illumination spectra, normalized on
660 nm compared to the absorption spectrum of C. vulgaris.
The spectra were produced by the illumination unit and
measured with a “Vernier SpectroVis Plus”

Fig. 9 Modular light unit with eight different wavelength LEDs

TABLEII

CHOSEN LEDS FOR ILLUMINATION UNIT
LED Wavelength [nm]

LV CQBP OSLON® Signal 505

OCI-440 680p 680

0OCU-440 UE425 425

LCY CLBP OSLON® Signal 600

LUXEON 3535L Red-Orange 620

LUXEON 3535L Royal Blue 455

GH CSSRM2.24 OSLON®square 660

LUXEON 3535L Blue 480

Different settings to match C. vulgaris absorption spectrum

03F — C. vulgaris

~—Match 1
025 F Match 2
—Match 3

Relative Intensity

400 450 500 550 600 650 700
Wavelength [nm]

Fig. 10 Spectra of different settings

V.MICROALGAE AND MEDIUM OF CULTIVATION

The type Chlorella vulgaris strain SAG 211-12 from the
Department of Experimental Phycology and Culture
Collection of Algae was chosen as microalgae for the
cultivation due to its suitability for the named requirements
[24]. Fig. 11 shows a microscopic picture of C. vulgaris. In
order to validate the capability of the chosen microalgae to
grow and absorb nitrogen from agricultural waste water with
the chosen reactor setup, a tubular one-liter test reactor with
adaptable light unit was built and a SGW was defined.
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Fig. 11 Microscopic picture of C. vulgaris
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TABLE III
EVALUATION OF GW TONS OF LARGE SCALE STUDY COMPARED TO SGW
. . Measured [mg/1] Ingredient SGW
ingredient - -
median main range [mg/1]
chloride Cr 52 11-420 76.02
sulphate SO,” 197 30-550 197
sodium Na 22 7-380 57.93
potassium K 4.5 1-11 5.24
calcium Ca 124 30-230 107.8
magnesium Mg 21 6-50 15,3
nitrate NOy 140 100-367 146
ammonium  NH," 1.2 0.5-13 2.73
nitrite NO, - 0.005-0.05 -
phosphate PO, 12 1.3-19.9 12.82
iron Fe 0.5 0.005-5 0.56
manganese Mn 0.09 0.1-0.6 0.43
aluminum Al 1 2-14 5.06

To guarantee the reproducibility of experiments, a SGW
needs to be defined. The GW constituents differ, depending on
the nature of the soil and the use of the surface [25]. The
selected composition is based on the report of the large-scale
study on the condition of GW in Sachsen-Anhalt, as well as
legal requirements of Germany for limit values [26], [27]. The
study documented and evaluated GW constituents at 1244
measuring points between 2001 and 2010. For the composition
of the SGW, salts, nutrients and trace substances were
considered. Dissolved gases, organic substances, GW fauna
and drug residues were not taken into account due to the
reproducibility of the SGW. Heavy metals were also ignored,
as their presence in GW represents a different type of
environmental pollution, which is not dealt with by this
project. The salts for the composition of the SGW were
selected in such a way that the respective total concentrations
of the individual ingredients are reproduced representatively,
which means close to the median value and always within the
main measuring range (defined as: 90% of the measurement
results of the study lie within this range). For the nutrients
nitrate, ammonium, nitrite and phosphorus, measured values
from polluted agricultural land were used as a basis. The
polluted areas were defined as the 10% agricultural used areas
with the highest values of nitrate. Nitrite is a natural
intermediate product in the microbial oxidation of ammonium
to nitrate. Therefore, it was not considered as ingredient. Table

III gives an overview over the relevant components, the
median and the range that was measured in the study and the
amount that is present in the defined SGW. The nutrients that
are relevant for pollution are based on polluted areas and are
shaded in grey in the table. Table IV presents the selected salts
and quantities per liter.

TABLE IV
INGREDIENTS OF SALTS IN SGW

Salt Solubility Content in Cation Anion
[g/M] SGW [mg/1] [mg/1] [mg/1]

NaCl 358 10 3.93 6.07
NaNO; 874 200 54.00 146.00

(NH4)2S0, 754 10 2.73 7.27

KCl1 347 10 5.24 4.76
CaSO4 24 340 100.10 239.90

FePO, 0.2 1.5 0.56 0.94

MnCl, 723 1 0.47 0.56
AlCly 450 25 5.06 19.94
MgCl, 1670 60 15.30 44.70
CaHPO, 0.1 17 4.99 11.87

Ca(OH), 1.7 5 2.71 2.26

B. Experiment Setup

Fig. 12 shows two one-liter test reactors with adaptable
illumination unit that were used to run the experiments. The
described experiments are listed in Table V with the number
they are referred to in this paper.

Fig. 12 Setup of two one-liter test reactor with adaptable light unit

TABLEV
CONDUCTED EXPERIMENTS
Experiment Nr. Goal
1 Demonstrate functionality of reactor setup
2 Demonstrate functionality and Nitrate uptake with SGW
3 Evaluate energetic efficiency of illumination strategy

VI. CONDUCTED EXPERIMENTS

A first experiment was conducted to demonstrate the
capability of the selected microalgae to grow in the chosen
reactor type with the developed illumination unit. In order to
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be able to compare the growth rates to other reactor types from
literature, a cultivation in Dilluted Seawater Nitrogen medium
DSN was conducted. This medium was introduced by Pohl
[28] and is a standard cultivation medium used with C.
vulgaris. The illumination was done with 680 pmol/s m? and
illuminated from both sides of the reactor. The measured
illumination spectrum is shown as “match 2” in Fig. 10. A
flashing rhythm of 0.2 seconds of light and 0.8 seconds of
darkness was set. This rthythm was kept over the whole time -
no Day-Night cycle was implemented. The reactor was

DSN and SGW Caultivation in 11 reactor with FL-Setting

R?=0.9886

RZ=0.9816

1.5

R?=0.9924

Nitrate [g/1]

-

R?=0.9312
0.5

0 2 4 6 8 10 12 14
Time [d]

=&=—DSN Cultivation OD SGW Cultivation OD

DSN Cultivation Nitrate SGW Cultivation Nitrate

Fig. 13 OD and Nitrate concentration of Exp. 1 & 2

After successful cultivation over 11 days, a similar
experiment was conducted with SGW. For this experiment,

however, the illumination had to be reduced due to the lower
starting optical density (OD). The measured illumination
density at the reactor surface was 245 pmol/s m? and the
measured illumination spectrum is shown as “match 3” in Fig.
10. The same flashing rhythm as in exp. 1 was kept. Fig. 13
shows the measured absorption at 680 nm and the nitrate
concentration of both experiments. The growth rates cannot be
compared directly due to the different starting point and
illumination scenario, but the experiments proved that the
reactor setup is functional and nitrate can be absorbed from
SGW through microalgae cultivation in this reactor type. For
the cultivation in SGW at low light levels, the growth rate per
umol/s m? is higher than for cultivation at high intensities in
DSN, this may be caused by the effect of the room
illumination.

Next, the effect of the FLE on the energetic efficiency of
growth rate and nitrate uptake rates was subject of
investigation. To compare the growth rate related to the
intensity of illumination, two cultivation runs were made.
Each run was conducted in two reactors, as shown in Fig. 12.
For the first run, the illumination unit was set to constant
illumination and to the spectrum “match 1” as shown in
Fig. 10. The illumination intensity was reduced to 45 pmol/s
m? at the front of the reactor with silicone films. For the
second run, the illumination frequency was switched to 0.3 s
of light period and 0.7 s of dark period. The spectrum and the
maximal intensity at the reactor surface were kept constant.
Both experiments were conducted with DSN medium and
started with a NO;™ concentration of 300 mg/l and a PO, of
200 mg/1. The fumigation was 0.5 I/min with 10% CO,.

Figs. 14 and 15 show the measured data of both runs. The
shown equations are linear fits to the growth rates. The
measured OD at 680 nm can be correlated to the biomass dry
weight with a linear relation with the factor of 0.23 [29].

Constant Light Cultivation

ODés

0 2 4 & 8 10

Time [d]

—&—R3 ODGB0  —e— R4 0060

150

R3 Nitrat R4 Nitrat

Fig. 14 OD and Nitrate concentration of Exp. 3 Run 1
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Flashing light cultivation
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Fig. 15 OD and Nitrate concentration of Exp. 3 Run 2

Table VI summarizes the results of the experiment. The
illumination intensity is averaged for the FLE setting and the
growth rate related to the intensity of illumination is calculated
from this value. The “energetic efficiency” of the system,
related to biomass production more than doubled, and the
“energetic efficiency” of the nitrate uptake rate was almost
doubled.

TABLE VI
CONDUCTED EXPERIMENTS
Growth rate rel.

NO:s rate rel.to

Tllumination Growth rate NO; rate to light energy light energy
[umol/s m?]  [g/l"d] [mg/1-d] [mg/l-d pmol/s [mg/1-d pmol/s
m?] m?]
45 0.0773 33.745 1.72 0.75
13.5 0.0538 25.833 3.985 1.29

VII. DIScusSION CONCLUSION AND OUTLOOK

The conducted experiments proof that the chosen setup is
capable of meeting the requirements. The experiments indicate
that, with the developed illumination unit a significant
reduction of the energy consumption can be achieved. For the
illumination energy, only the photons at the reactor surface
were taken into account. Losses through the illumination unit,
caused by the control unit were not taken into account. In
further investigations, the influence of the illumination
spectrum, on the biological component of the system will be
investigated. Furthermore, the energetic optimization of the
physical components of the system will be considered.
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