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ARTICLE INFO ABSTRACT

In this paper the outdoor production of marine microalgae in tubular photobioreactors was studied, using real
centrate from an urban wastewater treatment plant as the nutrient source. Experiments were performed mod-
ifying the centrate percentage in the culture medium (20, 30, 40 and 50%) and the dilution rates (0.2 and
0.3 day~ 1) to study the phenomena taking place. Results confirm that marine microalgae can be produced under
outdoor conditions using centrate as the nutrient source; at the same time treating it and recovering the nutrients
contained in the centrate. The most efficient conditions for producing biomass were using 20% centrate and
dilution rate of 0.3 day™?, the biomass productivity was 15.62 gpiomassm _ >day ! and the photosynthetic
performance was 0.54 gyiomassE~ * and 2.6%. Regarding nutrients, centrate does not contain enough carbon to
avoid carbon limitation thus the supply of carbon from flue gas is necessary. On the other hand, centrate is rich
in nitrogen (N-NH,), but only under optimal conditions is it efficiently fixed as biomass; otherwise it is stripped
out to the atmosphere. Phosphorus is likewise only fixed efficiently as biomass under optimal conditions or it is
lost by precipitation. It was observed a maximal nutrient removal capacity of up to 36.9 mgy1~ -day ™' and
5.38 mgp1~ “day ~ ’. The population of the cultures was mainly composed of N. gaditana with conditions close to
monocultures being achieved when maximizing the centrate percentage or reducing the set dilution rate. At any
rate, the biochemical composition of the biomass produced did not show great variation, being rich in carbo-
hydrates and proteins whichever the culture conditions given. The utilization of centrate to produce microalgal
biomass allows to reduce the production cost and enhance process sustainability, reducing eutrophication, al-
lowing the production of microalgal biomass for a range of low-cost applications such as feed or biofertilizers in
addition to biofuels.
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1. Introduction

Microalgae biomass is used in high value applications related to
human and animal nutrition although they have also been proposed as
a raw material for the production of commodities such as chemicals,
biofertilizers and biofuels [1]. Producing commodities requires the
production of large amounts of biomass, far higher than the present
worldwide microalgae production of 20 kt-year™ 1[2]. In turn, micro-
algae biomass production requires huge amounts of nutrients - from the
elemental composition of microalgae, it has been concluded that 1.8 kg
of CO,, 0.10 kg nitrogen and 0.02 kg of phosphorous are necessary per
kg of biomass. To supply CO,, it is possible to use flue gases whereas
nitrogen and phosphorus are usually supplied as fertilizers. However,
the utilization of mineral fertilizers imposes a subsequent limitation on
capacity, and reduces the sustainability of the biomass produced [3,4].
Using freshwater along with artificial fertilizers also increases the
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production cost to above 5 €kg™ 1 [5,6].

Alternatively, microalgae can be produced using wastewater [7].
When using sewage and flue gases, the production cost is reduced by
one order of magnitude (< 0.5€kg™ 1) [8]. However, when using
wastewater, no pure cultures are obtained, with natural consortia of
bacteria and microalgae prevailing under these conditions. The con-
sortia composition largely varies as a function of water quality and
operating conditions [9]. Wastewater is rich in carbon, nitrogen,
phosphorus and other compounds required for microalgae production;
these can contaminate rivers, oceans and underground aquifers [10] if
not adequately removed. Therefore, wastewater can be used to replace
the culture media prepared for microalgae production that before used
fertilizers, increasing the sustainability of the entire process [11,12].

Because wastewater is typically freshwater, its utilization in mi-
croalgae production can limit the microalgae used to only freshwater
strains. However, the utilization of marine microalgae strains offers
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advantages such as lower contamination risk, higher lipid content and
valuable compounds compared to freshwater strains. For this reason,
the coupling of marine microalgae production and wastewater treat-
ment is of great interest. The best option for this coupling is to use
centrate from anaerobic digestion as the concentrated nutrient source
[13]. Centrate from the anaerobic digestion of activated sludge contains
up to 1000 mgy1™ * and 30 mgp1 ™~ ! hence its depuration in wastewater
treatment plants entails high cost and energy consumption. In a pre-
vious work, the production of Nannochloropsis gaditana was demon-
strated using centrate from the anaerobic digester of a wastewater
treatment plant as the nutrient source; although the supply of addi-
tional phosphorus helped to improve system performance [13]. More-
over, this concept was further demonstrated at the pilot scale under
outdoor conditions [14]. In that work, the feasibility of using centrate
as the nutrient source in seawater was demonstrated within the 15-30%
range although experiments were only performed at one dilution rate in
a narrow percentage of centrate - the influence of the dilution rate and a
wider range of centrate percentages was not studied.

In this work, the continuous production of microalgae biomass in
seawater using centrate as the nutrient source was studied. Experiments
were performed in summer time, at two different dilution rates
(0.2 day™ ! and 0.3 day ~ 1); i.e., the daily flow rate of culture medium
over the total volume of culture in the bioreactor. Whereas the per-
centage of centrate (i.e., the amount of centrate per liter of seawater,
given as a fraction based on 100 equal parts) in the culture medium was
modified (20, 30, 40 and 50%). System performance was evaluated in
terms of dry weight biomass production/productivity and nutrient re-
moval capacity. Additionally, an overview of the major strains pre-
vailing inside the cultures as well as the biochemical composition of the
produced biomass under study was performed. The objective was to
determine the system's performance and the main factors limiting its
efficiency as a prior step to the industrial development of low-cost
marine microalgae biomass production for the commodities markets.

2. Materials and methods
2.1. Microorganism and culture media

The marine microalga Nannochloropsis gaditana Lubian CCMP 527
was selected because of its high growth rate and productivity under
outdoor conditions [15]. Inoculum for the cultures was grown indoors
at a pH of 8.0 controlled by on-demand CO, injection, at a controlled
temperature (25 °C) in 51 glass bottles at 200 yE'm ™~ %s~ * under con-
tinuous illumination and aeration at 0.2v-wv™ 'min~'. The culture
medium used for the inoculum growth was Algal medium (Bionova,
Santiago de Compostela, Spain) prepared in seawater. After reaching
the stationary phase, the cultures were transferred to 1001 outdoor
bubble columns, under controlled pH (8.0) regulated by the on-demand
injection of flue gas. Algal medium prepared in seawater was also used
in these bubble columns. During the linear growth phase the cultures
were finally transferred to the outdoor tubular photobioreactors in
which mixtures of seawater and centrate at different percentages were
used as the culture medium.

Centrate was taken directly from the wastewater treatment plant of
Almeria (Spain), after passing through the bed filter used to separate
solids from the liquid fraction of the digestate leaving the anaerobic
digestion of activated sludge produced from wastewater treatment. This
centrate thus contained almost no solids yet was rich in ammonium and
other compounds. The average centrate composition used during the
experiments is shown in Table 1. The culture medium was prepared
daily by supplementing natural seawater with centrate according to the
centrate percentage set for each experiment. Additionally, potassium
phosphate was added to achieve an N/P ratio of 5:1, which was pre-
viously demonstrated as allowing optimal culture performance [14].
Seawater was obtained directly from a seawater pumping station. No
additional treatment or sterilization of the culture medium was
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performed prior to entering the reactors so as to minimize the pro-
duction cost.

2.2. Photobioreactors and operating conditions

Experiments were conducted outdoors in a set of three fence-
type tubular photobioreactors from May to September, with the
daily mean irradiance and ambient temperature being
7.5 + 0.5kWhm~*day"! (26 + 3MJm~ *day” !, 1200 +
170 uE'm ™~ *day~ ") and 25.1 * 4.5 °C. The tubular photobioreactors
were built as previously described in [16]. Each reactor had a working
volume of 3401. The tubular reactors consisted of a vertically-ar-
ranged tubular solar receiver (125 m length and 0.05 m diameter) and
a bubble column for heat exchange and O, degassing (1.92 m high and
0.25 m in diameter). A centrifugal pump (SE-150-M, Espa, Spain) was
used to recirculate the culture through the reactor at 0.5 m's™ *. The
inner-tube diameter was set at 0.05 m to maximize solar radiation
capture. The reactors were oriented east-west and the distance be-
tween them was 1.6 m so as to minimize shadowing. The temperature
during the day was kept under 30 °C by circulating the seawater
through a heat exchanger. The flue gas was produced by a diesel-oil
boiler connected to a compressor which was used to store the flue-gas
for further utilization. At the boiler outlet, the flue-gas was cooled as
necessary by passing it through a passive stainless-steel serpentine.
Moreover, before being injected into the cultures, the flue gas was
filtered through three sequential cartridge filters (1 pm) to reduce the
particulate content in the gas stream. The average CO, concentration
in the flue gas was 10.9 = 0.5%. The air flow entering each photo-
bioreactor was 0.25 v-v™ min~ ' (FR4L72BVBN flow meters, Key In-
struments, USA), while the flue gas was injected as required to
maintain the pH at 8.0, at a constant flow rate of 0.05 v-v~ min~!
(FR4A41BVBN flow meters, Key Instruments, USA). Dissolved oxygen,
pH and temperature values were measured online with DO and pH
probes (5342 pH electrode and 5120 OD electrode, Crison Instruments
S.A., Spain) connected to a MM44 control-transmitter unit (Crison
Instruments, Spain). Data were logged in a PC control unit, allowing
the monitoring and control of the culture parameters. The solar ra-
diation the facility received was measured with a thermoelectric
pyranometer connected to an AC-420 adapter (LP-02, Geénica S.A.,
Spain). The data logging system and the control software (DagFactory
5.85, Azeotech Inc., USA) were designed and built by our research
group.

The reactors were operated in semi-continuous, chemostat mode by
adding daily fresh medium to the reactors for 4 h in the middle of the
solar cycle and, at the same time, harvesting an equal volume of cul-
ture. Experiments were conducted at two different dilution rates, 0.20
and 0.30 day~'. Culture medium was prepared directly by mixing the
centrate with seawater pumped directly from the seawater pump sta-
tion; four different centrate percentages (20%, 30%, 40% and 50%)
were used. Percentage of centrate influences the amount of nutrients
daily provided to the reactors whereas the imposed dilution rate also
influences the microalgae biomass harvesting thus the final biomass
concentration inside the culture at steady state. Fig. 1 shows the
schematic process applied in these experiments. Experiments were
performed in the three reactors concurrently and in triplicate providing
the average values from the three reactors.

2.3. Biomass concentration and productivity

The biomass concentration was determined daily by measuring
absorbance at 750 nm with a spectrophotometer (DR/4000 UV/Vis
Spectrophotometer, HACH, USA). Spectrophotometric measurements
were verified by dry weight determinations twice a week. The dry
weight biomass concentration (Cp) was measured by centrifuging
100 ml of culture for 15min at 9000 X g (Sigma Sartorius 4-15,
Sartorius A.G., Germany) and freeze-drying over 48 h (LYOQUEST-55
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Table 1

Algal Research 25 (2017) 538-548

Composition of culture medium used during the experiments, which was prepared by mixing centrate from a wastewater treatment plant with seawater at different percentages.

Concentration expressed as mg1~'. In parenthesis the final phosphorus concentration when adding phosphorus to achieve an N:P ratio of 5.

Centrate 100% Centrate 50% Centrate 40% Centrate 30%

Centrate 20%

pH 8.19 8.05 7.35 7.65 7.40
Bicarbonates 1830 = 742 8500 + 371 9834 + 296 11,168 = 244 12,502 + 148
Chlorides 525 + 124 10,437 + 62 12,420 + 49 14,402 + 41 16,385 * 25
Carbonates 70 * 121 742 + 60 877 + 48 1011 + 40 1146 + 24
Sodium 252 + 74 5815 + 37 6927 + 30 8040 + 24 9152 + 15
Ammonium 732 + 234 366 = 117 293 + 94 219 + 77 146 + 47
Calcium 133.0 * 18 284 + 9 315 + 7 345 + 6 375 + 4
Potassium 99.6 + 5.0 260.7 + 2.5 292 + 2 325 + 2 357 + 2
Magnesium 88.0 + 1.0 728.0 = 0.5 856 + 2 984 + 2 1112 + 2
Sulphates 385 + 7.3 1453.0 + 3.6 1735 + 3 2018 * 2 2301 * 2
Phosphorus 141 + 3.9 (146.1 + 4.1) 7.0 = 1.9(73.2 * 3.5) 56 = 1.5(58.6 = 3.1) 436 + 1.2 (48.2 + 2.3) 42 + 0.8(43.8 + 1.3)
Boron (B) 0.28 + 0.21 0.14 * 0.11 0.11 = 0.08 0.08 + 0.07 0.06 + 0.04
Zinc (Zn) 0.10 + 0.07 0.05 + 0.04 0.04 + 0.03 0.03 + 0.02 0.02 + 0.01
Tron (Fe) 0.04 + 0.01 0.02 * 0.01 0.02 * 0.01 0.01 + 0.01 0.01 + 0.01
Manganese (Mn) 0.02 + 0.01 0.01 * 0.01 0.01 * 0.01 0.01 * 0.01 0.00 = 0.01
Nitrates 6.55 + 6.55 3.28 + 3.28 2,62 * 2.60 20 = 2.2 1.3 + 1.3
Copper (Cu) 0.08 + 0.14 0.04 * 0.07 0.03 * 0.06 0.02 * 0.05 0.02 + 0.03

Telstar Technologies, S.L. Spain). Volumetric productivity was calcu- (Peuvette) (Eq. (4)).

lated multiplying biomass concentration (C,) by the set dilution rate Abs

D) using Eq. (1). Ka=—

( ) 5 54 m Cb'pcuvette (4)

Pby, = Cb-D €h)

Land areal productivity was calculated according to Eq. (2) [15],
taking into account the working volume of each reactor (340 1) and the
land surface occupied by it (13 m?), which includes the free surface
between reactors. Thus, the V/S ratio of tubular photobioreactors used
was 26.151m ™ 2.

Quantum yield (W) is defined as the amount of biomass generated
from a unit of radiation (usually a mole of photons) absorbed by the
culture. Since this represents the ratio of biomass generation to absorb
photon flux, it can be calculated using Eq. (5) [17]. The photon flux
absorbed through the reactor volume (F,)) is calculated using Eq. (6)
[17] on the basis of the average irradiance on the culture volume.

Pbyo P
Pbyres = —— W, = b
T Area 2 E” Rt )
Fot = L Ko Gy (6)

2.4. Light availability and solar energy efficiency

The average irradiance to which cells are exposed inside a culture
(I,v) was calculated as a function of irradiance in the absence of cells
(L), the biomass extinction coefficient (K,), the biomass concentration
(Cp) and the light path inside the reactor (p). This can be approximated

Photosynthetic efficiency (PE) is the fraction of energy fixed into
biomass by photosynthesis; it is calculated according to Eq. (7) [17] asa
function of the biomass combustion heat that was considered constant
(Qp = 20 MJ/kg).

Py-Q
using Eq. (3) [17]. e = lt;volb 2
Io
Ly = ——=(1 - —KapC
Kpcy | T ORI A) ®

The extinction coefficient (K,) of the biomass was determined
spectrophotometrically (DR/4000 UV/Vis Spectrophotometer, HACH,
USA) by dividing the average absorption at wavelengths from 400 to
700 nm by the biomass concentration and light path of the cuvette

2.5. Nutrient removal capacity and coefficient yield

The removal of nitrogen and phosphorus was measured. For this,
two major variables were calculated: the removal efficiency (R.) and
the removal capacity (R.). The removal efficiency is calculated as the

Daily removal of 0.2 or 0.3 of PBRs volume and addition
of the same volume of diluted centrate

—Additional Phosphate

Centrate
(20, 30, 40 & 50%)

Seawater
(80, 70, 60 & 50%)

Air

Tubular Photobioreactor
340 L, D=5cm, V=0.5 m's™,

— Proteins
— Carbohydrates

L Lipids

Fig. 1. Schematic process of microalgal biomass production using centrate as culture medium in outdoor tubular photobioreactors used in this experiment.
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Fig. 2. Influence of the centrate percentage in the culture medium and the imposed di-
lution rate on biomass concentration and productivity in outdoor tubular photo-
bioreactors. A) Biomass concentration, B) Volumetric biomass productivity, C) Areal
biomass productivity. Mean values + S.D. of independent experiments performed in tri-
plicate are shown (P < 0.05).

ratio between the concentration outlet (C) and inlet (C,) in the reactor,
thus representing the reduction in the nutrient concentration outlet (Eq.
(8)). The removal capacity is calculated as the total amount of nutrient
removed per unit volume over time, thus indicating the system's net
capacity for removing whatever nutrient (Eq. (9)).

_G-C

R
e Co

100
®

Rc=(Co - C)D ©)]

2.6. Analytical methods

To analyze the culture medium and supernatant, the standard offi-
cial methods approved by the Spanish Ministry of Agriculture was used
[18]. Phosphate was measured by visible spectrophotometry through
the phospho-vanado-molybdate complex [19]. Nitrates were quantified
using a spectrophotometer between 220 and 275 nm [19]. Ammonium
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was measured by the Nessler reaction method [19]. Total Inorganic
Carbon (TIC), Total Organic Carbon (TOC) and Total Carbon (TC) were
measured by the direct injection of samples, previously filtered, into a
Shimadzu-5050A TOC analyzer provided with an NDIR detector and
calibrated with standard solutions of potassium phthalate.

Microalgal population analysis and taxonomic identification were
performed according to the Utermo6hl method; briefly, the microalgae
were fixed with formaldehyde to preserve sample viability, then they
were put in a cylindrical sedimentation chamber where they were
counted and identified by inverted microscopy [20]. With regard to
biochemical composition, freeze-dried biomass from each steady state
was analyzed. Lipids were determined gravimetrically from an extract
obtained with chloroform:methanol (2:1) (v/v) [21], the protein con-
tent was determined using the modified Lowry method [22] and fatty
acids were determined by gas chromatography [23].

3. Results

To determine the optimal conditions for outdoor production of
marine microalgae using centrate as the nutrient source, it was per-
formed semi-continuous culture experiments (by adding daily fresh
culture medium to the reactors for 4 h in the middle of the solar cycle
and, at the same time, harvesting an equal volume of culture) using
mixtures of centrate and seawater as the culture medium at different
percentages; additionally, experiments were carried out at two different
dilution rates. The different mixtures or culture media compositions
used are shown in Table 1. Centrate from the wastewater treatment
plant contains up to 1830 mg1~ ! of bicarbonate and 525 mgl~ ! of
chloride, in addition to 700 mg1~ ' of ammonium and 11.5 mg1~ ' of
phosphorus. The high concentration of bicarbonate of the centrate is a
consequence of the anaerobic conditions at which it is produced, it
being in equilibrium with biogas containing up to 50% of CO,. The
nitrate concentration is very low, at 4.4 mg1~ ', therefore ammonium
acts as the main nitrogen source for microalgal growth. Centrate also
contains relevant concentrations of other required compounds such as
calcium, potassium and magnesium etc. as well as other important
microelements for microalgal growth (iron, zinc and copper etc.). Data
show that as the centrate percentage decreases, the nutrient con-
centration reduces — this is because seawater is much poorer in nu-
trients than centrate. Whatever the centrate percentage mixed with
seawater, the relative composition of the culture medium remained
similar, with a C/N/P ratio of 100/126/19. When compared with the
elemental biomass composition, of 100/18/1.7, one can conclude that
the culture media obtained by diluting centrate in seawater has an
excess of nitrogen and phosphorus versus carbon; hence the cultures
might be carbon limited if additional carbon is not supplied by on-de-
mand CO, injection. Moreover, nitrogen is in excess with respect to the
phosphorus concentration so the supply of additional phosphorus is
essential. In previous indoor studies it was demonstrated that using
centrate without an additional phosphorus supply meant the cultures
were phosphorus limited; it was not possible to produce sufficient
biomass to remove all the nitrogen from the culture medium [13]. As a
result, additional phosphorus was added to balance the nitrogen:
phosphorus ratio (N:P = 5:1) (Table 1).

Using these culture media, the experiments at two different dilution
rates - 0.2 and 0.3 day” ! was performed. At a centrate percentage
below 40%, stable steady states were achieved, whereas above this
value, the cultures were not stable and frequently were washed-out.
Both the biomass concentration and productivity varied as a function of
the dilution rate set and the centrate percentage in the culture medium
(Fig. 2A). At centrate percentages below 40%, the biomass concentra-
tion ranged from 2.0 t0 1.3 gpiomass]1 ™ ', reducing as the set dilution rate
increased. The biomass concentration reduced when the centrate per-
centage increased from 20 to 40%; but with centrate at 50%, a larger
reduction was observed, with values of 0.2 gpiomass1~ * at both dilution
rates. These results indicate that centrate percentages above 40% can
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Fig. 3. Influence of the centrate percentage in the culture medium and the imposed di-
lution rate on the extinction coefficient of the biomass and the average irradiance inside
the culture in outdoor tubular photobioreactors. A) Extinction coefficient of the biomass,
B) Average irradiance to which the cells are exposed inside the cultures. Mean values
+ S.D. of independent experiments performed in triplicate are shown (P < 0.05).

inhibit the performance of the cultures due to an excess of ammonium.
Thus, at a centrate percentage of 40%, the ammonium concentration
inlet was 293 mgyu41~ ', whereas at 50%, the ammonium concentra-
tion increased to 366 mgyu4l~ '. Regarding biomass productivity, a
similar pattern was observed, with the biomass productivity reducing as
the centrate percentage increased; however, this was higher at
0.3day ! than at 0.2day”~ ! (Fig. 2B, C). A maximal biomass pro-
ductivity of 0.60 gpiomassl™ day ™! (15.62 Ziomassm  >day ') was
measured when using centrate at 20% and a dilution rate of 0.3 day ~*,
but this reduced to 0.33 gbiomass-l_lday_ 1 (8.74 Giomass™ 2-day_ D)
when using centrate at 40% and a dilution rate of 0.2 day ~ *. Using
centrate at 50%, the biomass productivity dropped to almost zero, to
0.03 ggiomass] ™ “day ' (0.89 ggiomassm ~ >day ') whatever the set
dilution rate. These results confirm that centrate excess reduces system
performance.

To evaluate the decrease in system efficiency, light utilization effi-
ciency can be employed. This is determined by measuring the biomass
extinction coefficient and the average irradiance inside the cultures.
Data confirm that when the composition of the culture medium or the
set dilution rate is manipulated; the optical properties of the biomass is
modified (Fig. 3A). Thus, the biomass extinction coefficient increased
from 0.19 to 0.30 m*g~ ' when the centrate percentage in the culture
medium rose from 20 to 50% at a set dilution rate of 0.30 day ~ '. At
0.2 day ™!, the same trend was observed although the net K, values
were even higher, ranging from 0.31 to 0.39. Larger increases took
place, at both dilution rates, when using 50% centrate in the culture
medium. The extinction coefficient enhancement is usually related to
an increase in the cells' pigment content and this reduces light avail-
ability inside the cultures. Data in Fig. 3B show that the average irra-
diance remained constant at both dilution rates when the centrate
percentage in the culture medium was lower than 40%; however, above
this value, the cultures became stressed and the average irradiance
greatly increased indicating the cultures' low light utilization efficiency.

The production of biomass allows for nutrient removal from the
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Fig. 4. Influence of the centrate percentage in the culture medium and the imposed di-
lution rate on the total carbon (organic and inorganic) concentration inlet and outlet in
outdoor tubular photobioreactors. A) Total Inorganic Carbon, B) Total Organic Carbon, C)
Total Carbon. Mean values + S.D. of independent experiments performed in triplicate are
shown (P < 0.05).

culture medium; consequently, The removal of carbon, nitrogen and
phosphorus were measured by analyzing the reactor's culture medium
inlet and culture broth outlet. Results show that, due to the centrate's
high bicarbonate content, the total inorganic carbon concentration in
the reactor's culture medium inlet rose as the centrate percentage used
increased (Fig. 4A). Total inorganic carbon inlets ranging from 90 to
220 mgrcl™ ! were measured. In contrast, the total organic carbon
concentration in the centrate was much lower - the higher the centrate
percentage in the culture medium, the higher the organic carbon con-
centration at the inlet, yet values ranged from 8 to 18 mgrocl™ '
(Fig. 4B). Inorganic carbon is the main contributor to total carbon at the
culture medium inlet, ranging from 95 to 225mgrcl™ ! (Fig. 4C).
Analyzing the carbon outlet, one observes that, in spite of the on-de-
mand CO, supply for pH control, inorganic carbon is significantly re-
moved from the culture medium when using a centrate percentage
lower than 40% - the inorganic carbon concentration outlet being
below 40 mgrcl™ ! whatever the set dilution rate. Only when using
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50% centrate in the culture medium was the inorganic carbon con-
centration inlet and outlet equal; thus, no inorganic carbon was re-
moved from the culture medium under these conditions. Regarding
organic carbon, the inlet values are lower than the outlet values;
nevertheless, they were always below 50 mgrocl™'. When using cen-
trate percentages from 20% to 40%, the organic carbon concentration
ranged from 30 to 35 mgrocl™ !, with no influence from the centrate
percentage being observed; although it was slightly higher at the lower
set dilution rate of 0.20 day ™ '. When using a centrate percentage of
50%, the organic carbon concentration outlet was equal to the inlet,
indicating low performance of the culture under these conditions. The
significant reduction in inorganic carbon concentration indicates that
microalgae growth is partially based on dissolved inorganic carbons, in
addition to the CO, supplied for pH control. The higher organic carbon
concentration outlet, compared to the inlet, is explained by the release
of organic molecules and remaining biomass after culture clarification
by filtration; in any case, the measured values were extremely low.
Therefore, the total carbon concentration outlet shows the same pattern
as the inorganic carbon concentration, with a large amount of carbon
being removed from the culture medium when using centrate percen-
tages lower than 40%; whereas at 50%, the system does not remove a
relevant amount of carbon. European Commission Directive 98/15/EEC
[24] does not impose limits on inorganic carbon, it only limits the
amount of COD in the released effluent to values below 100 mg1~%;
TOC values measured here at the outlet were, by and large, below this
limit.

Regarding nitrogen and phosphorus, a similar trend was observed
(Fig. 5). Nitrogen mainly corresponded to ammonium because the ni-
trate concentration was much lower; even at the outlet, the nitrate
concentration was always lower than 1 mgyos1~ ! thus no nitrification
took place. The total nitrogen concentration inlet increased as the
centrate percentage in the culture medium rose, ranging from 113 to
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Fig. 5. Influence of the centrate percentage in the culture medium and the imposed di-
lution rate on the nitrogen inlet and outlet concentration, and phosphorus inlet and outlet
concentration in outdoor tubular photobioreactors. A) Total nitrogen, B) Total phos-
phorous. Mean values + S.D. of independent experiments performed in triplicate are
shown (P < 0.05).
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290 mgy1~ ' (Fig. 5A). The total nitrogen concentration outlet was
lower than 2.0 mngl’l, whatever the set dilution rate, when using
centrate percentage of 20 and 30%. At 40% centrate, the nitrogen
concentration outlet increased to 7.0 mgn1™ 1, still lower than the
10 mgy1~ ! required by European Commission Directive 98/15/EEC for
the disposal of treated wastewater in sensitive areas [24]. Only when
using a centrate percentage of 50% did the nitrogen concentration
outlet achieve high values, up to 80 mgy1~ ', thus confirming the sys-
tem's inability to remove the nitrogen supplied to the system under
these conditions.

Regarding phosphorus, it is important to note that additional
phosphorus was supplied to the centrate and seawater mixtures to
achieve a N:P ratio of 5:1. Results shows that the phosphorus inlet
concentration increased along with the centrate percentage supplied to
the culture medium, with values from 16.5 mgpl~ ! to 45.82 mgpl !
being measured (Fig. 5B). Regarding the outlet, the phosphorus con-
centration was always below 3 mgpl~' when using centrate percen-
tages from 20 to 40%, increasing up to 7.6 mgpl~ ! when using 50%
centrate in the culture medium. No marked differences were observed
at the two dilution rates assayed. European Commission Directive 98/
15/EEC establishes the requirements for urban wastewater discharges
in sensitive areas, setting total maximal phosphorus to 2 mgp1~ ! [24].
Consequently, only when using centrate percentages from 20 to 30%
can this limit be accomplished; using centrate percentages above 40%,
the phosphorus concentration exceeds this limit.

These figures show that centrate can be used as the nutrient source
for the outdoor production of marine microalgae. At the same time,
large amounts of nutrients are removed from the culture medium to
produce this biomass. However, the quality of the produced biomass is
also relevant - if it is not sufficiently high, the entire process fails. Two
major variables were analyzed: (i) predominant strains, and (ii) overall
biochemical composition. Regarding predominant strains, although the
initial inoculum used was N. gaditana, no sterilization process was ap-
plied to the culture medium thus some contamination occurred.
Taxonomic studies showed N. gaditana to be the predominant strain but
also other species, such as Geitlerinema sp., Chlorella sp., Limnothrix sp.,
and Chaetophorales sp., were present in the cultures. Results indicate
that both the centrate percentage (Fig. 6A) and the set dilution rate
(Fig. 6B) influence the relative population of microalgae in the cultures.
Therefore, the higher the centrate percentage or the lower the dilution
rate, the higher the predominance of N. gaditana cells. The main con-
taminant strains were Geitlerinema sp. and Limnothrix sp., but these
strains do not tolerate a high centrate percentage in the culture medium
so were washed out when using 40% centrate in the culture medium.
Regarding to the influence of the dilution rate, the prevalence of these
contaminant strains was higher at the higher dilution rate, indicating
that these strains grow faster than N. gaditana; however, they were less
efficient at the lower dilution rate where there was a higher biomass
concentration of N. gaditana and lower light availability in the culture.
Regarding the biochemical composition, whatever the centrate per-
centage and set dilution rate used, carbohydrates were the main bio-
mass component, followed by proteins and lipids (Fig. 7). The carbo-
hydrate content (Fig. 7A) rose from 40% to 57% when the centrate
percentage in the culture medium increased, while no significant in-
fluence was observed from the set dilution rate. In contrast, the biomass
protein content (Fig. 7B) fell when increasing the centrate percentage in
the culture medium, with values ranging from 46% to 23%; at the same
time, a large effect was observed from the set dilution rate. A similar
trend was observed in the lipid fraction (Fig. 7C), which fell when in-
creasing the centrate percentage from 28 to 20%, regardless of the set
dilution rate. These figures confirm that changes in the culture's relative
population do not have a major influence on the biochemical compo-
sition of the biomass produced. Consequently, although understanding
of the system “biology” is a powerful tool in appropriate system man-
agement, the most relevant criteria in defining the quality and applic-
ability of the produced biomass is its biochemical composition, which
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formed in triplicate are shown (P < 0.05).

limits the potential products obtained as well as the downstream pro-
cesses to be applied.

4. Discussion

In order to increase the sustainability and profitability of microalgae
production, the utilization of seawater and wastewater nutrient re-
cycling is strongly recommended. To do this, microalgae production in
open ponds requires up to 2390 lyaterkgprotein 1 produced whereas this
value drops to 1.4 LyaerKgprotein  © When using closed, flat-panel re-
actors [25]. With regard to nutrients, up to 153 gN~kgpmteins_l and
16.5 gpkgproteins ! are needed. These values correspond to greenhouse
gas emissions of up to 7.03 and 3.83 kgcozeq'kgproteins ! in open ponds
and flat panels, respectively — this is equivalent to conventional agri-
cultural emissions of 3.73 kgcozeqKgproteins ! [25]. Regarding profit-
ability, the microalgae production cost at large scale can be reduced to
12 €kg~ ! using tubular photobioreactors, and even up to 2.1 €kg ™ ' if
“optimal” reactors and conditions are achieved; under these conditions,
fertilizer consumption represents up to 20% of the overall production
cost [5]. The data reported here demonstrate that only seawater and
centrate need to be used to produce microalgae biomass of adequate
biochemical composition for multiple uses, thus increasing process
sustainability and profitability. As centrate contains a high level of
compounds such as carbon, nitrogen and phosphorus (Table 1), this can
be used as the sole nutrient source to support microalgal growth.
Nonetheless, an excess of centrate can also be toxic so it is necessary to
determine the optimal percentage in the culture medium for microalgal
growth [13,14] to optimize process performance. Centrate contains
ammonium, which has been reported as being toxic at high con-
centrations, exceeding 100 mgNH4-l_1. However, tolerance to ammo-
nium varies greatly as a function of the microalgae strain and the cul-
ture conditions [26]. Under indoor conditions, it has been

demonstrated that maximal productivities of 0.4 gpiomass1™ 1'day_ 1 can
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be obtained with N. gaditana using centrate as the sole nutrient source,
at a centrate percentage up to 50% in the culture medium [13]. Data
reported here show that in tubular photobioreactors under outdoor
conditions, a maximal productivity of 0.6 gpiomassl” “-day !
(15.6 Zpiomass™ z-day_ 1) was achieved with N. gaditana at a
0.30 day ~ ! dilution rate and a centrate percentage of 20% in the cul-
ture medium (Fig. 2B). Previously, a maximal productivity of
0.47 ggiomass1 1-day_ 1 was obtained for N. gaditana in tubular photo-
bioreactors under outdoor conditions when a centrate percentage of
15% was used; above this centrate percentage, the productivity de-
creased [14]. In any case, these values are equivalent to the
0.60 ggiomass] l-day_ 1 obtained in outdoor tubular photobioreactors
using fertilizers as the nutrient source [15]. Consequently, it can be
concluded that a culture media prepared using 15-20% centrate in
seawater would be adequate for producing N. gaditana.

Excess centrate in the culture medium reduces the culture perfor-
mance, increasing the biomass extinction coefficient and barely de-
creasing the average irradiance inside the cultures (Fig. 3). Moreover,
quantum yield and photosynthetic efficiency reduces with increasing
centrate percentage in the cultures (Fig. 8). When using 20% and 30%
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centrate, both quantum yield (Fig. 8A) and photosynthetic efficiency
(Fig. 8B) remained constant whatever the set dilution rate; however,
above this value, the cells' photosynthetic performance reduced, in-
dicating the adverse effect of the culture medium used. These figures
confirm the adverse effect of the high centrate percentage in the culture
medium previously observed when analyzing the biomass production
capacity. Photosynthetic efficiency was higher when operating at the
higher dilution rate of 0.3 day ™~ 1 with values up to 0.54 ghiomass’E ~ 1
and 2.7% being measured. Values up to 2.2 gyiomassE ™+ Were reported
for P. tricornutum in outdoor tubular photobioreactors [27] whereas for
N. gaditana, values up to 1.16 gpiomassE~ + Were reported using 50%
centrate under indoor conditions [13] and 0.7 gpiomass’E "~ ! with 15%
centrate and 0.3 day_1 under outdoor conditions [14]. In terms of
photosynthetic efficiency, a maximal value of 10% is theoretically
possible so there is still a shortfall to increase the performance of these
systems.

The utilization of wastewaters (centrate among others) can stress
the cultures as a result of inadequate nutrient proportions or excessive
amounts of some nutrients, such as ammonium; what is sure is that
using these types of effluents makes the possibility of culture con-
tamination more likely. To avoid this problem, the culture medium can
be sterilized but this reduces the sustainability and profitability of the
process. Instead, the most suitable strategy is to select robust strains
that are tolerant to contamination and to manipulate the operating
conditions. The data reported here demonstrate that N. gaditana was the
dominant strain when increasing the centrate percentage in the culture
medium and when reducing the set dilution rate; under optimal con-
ditions, up to 95% of the monocultures were obtained (Fig. 6). The
cyanobacteria Geitlerinema and Limnothrix were the most frequent
contaminants, their proportion increasing as the centrate percentage in
the culture medium reduced or the dilution rate increased. Geitlerinema
sp. favors high temperatures whereas N Limnothrix has been reported to
maximize its performance under a high nitrogen concentration and low
salinity [28]. The presence of contaminants in the cultures was much
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lower than previously reported by other authors studying wastewater,
for which more than ten strains were simultaneously found [9,29].
Moreover, the results reported here agree with previous observations
that monocultures can be obtained using centrate even when using
open reactors [30]. According to these observations, the utilization of
anaerobically-digested effluent such as centrate and imposing high
productivity conditions allows one to control the strains prevailing in
the cultures; nevertheless, more research on this matter is still required.
In any case, the biochemical composition of the biomass obtained has to
be considered more important that the strain produced as this de-
termines whether it is finally utilized or not. To produce non-human
consumption products such as biofuels, biofertilizers and even animal
feed, waste utilization in the production process is allowed as long as
the safety of the released biomass is assured. In our study, the produced
biomass was rich in carbohydrates and proteins, while the lipid content
was lower (Fig. 7). Given that the market price of proteins (i.e.
1€kg™ 1) is higher than that for lipids (i.e. 0.6 €kg™ '), and that car-
bohydrates are the cheapest component (i.e. 0.3€kg™ '), one can
conclude that the maximum biomass value would be 0.67 €kg ™' - this
would be obtained under optimal production conditions in the culture
medium of 0.3day” ! and 20% centrate. According to the biomass'
biochemical composition, the most suitable products obtained would
include biofertilizers from the proteins/amino acids. Nonetheless, the
entire biomass could be used for products such as feed for aquaculture
and animals. A complete, real scenario analysis would be required prior
to precisely ascertaining the reliability of any final application [31].

In addition to biomass production, the removal of contaminants
from centrate is advantageous because this reduces the energy con-
sumption and therefore the greenhouse gas emissions from conven-
tional wastewater treatment plants. It also lowers the wastewater
treatment cost. The flow of centrate in wastewater treatment plants is
not a negligible issue, comprising up to 2% of total wastewater flow,
which has to be recirculated thus increasing the cost and energy con-
sumption of wastewater treatment processes. For a small conventional
plant processing 10,000 m®>day~ ' of wastewater, avoiding the ne-
cessity of recirculating and treating this centrate could lead to a re-
duction in power consumption of up to 2400 kWh-day ~ !, with an an-
nual reduction in cost of 87.6 k€year™'. The data reported here
demonstrate that, when using centrate percentages in the culture
medium below 50%, the remaining water complies to regulations and
can be released safely into the environment (Figs. 4, 5). However, under
these conditions, biomass productivity is lower than when using 20%
centrate; therefore, it is recommended using 20% of centrate. Adverse
effects from excess centrate relate to the effluent's ammonium con-
centration. Several studies showed that a nitrogen concentration above
100 mgn.nual™ ' can be toxic to some microalgae strains [32] while
various species tolerate values from 22 mgy.nal™ ! to 700 mgynal ™!
[26]. In the case of N. gaditana, optimal performance was reported
when operating at a nitrogen concentration in the culture medium inlet
of 190 mgn.nual™ ! under indoor conditions [13] and 100 mgn-nual~ E
under outdoor conditions [14]. However, the ammonium concentration
in the culture was much lower, at 115 mgn.npal™ ! under indoor con-
ditions [13] and 25 mgy.nual™ ! under outdoor conditions [14] due to
cell consumption. The data reported here show that the ammonium
concentration inlet in the reactor under optimal conditions (0.3 day ~ 1
20% centrate) was 115 mgy.npal™ 1 but the ammonium concentration
at the reactor outlet was close to zero (Fig. 5). In any case, the cultures
were not limited by this since increasing the centrate percentage re-
duced the biomass productivity.

In terms of treatment capacity, the results show that total carbon
removal efficiency increased with the percentage of centrate in the
culture medium up to values of 60%; when using 40% centrate, the
total carbon removal capacity reached 40 mgrcl™ *-day ™ ! under these
conditions (Fig. 9A). When using 50% centrate, the performance was so
low that no relevant carbon removal was measured. Regarding ni-
trogen, the removal efficiency was higher than 95% when using < 40%
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Fig. 9. Influence of the centrate percentage in the culture medium and the imposed di-
lution rate on the carbon, nitrogen and phosphorus removal efficiency and capacity in
outdoor tubular photobioreactors. A) Total carbon, B) Total nitrogen, C) Total phos-
phorus. Mean values + S.D. of independent experiments performed in triplicate are
shown (P < 0.05).

centrate in the culture medium, reducing to 70% when using 50%
centrate despite the low performance of the cells under these conditions
(Fig. 9B). Moreover, the nitrogen removal capacity was higher, at
0.3day™ !, increasing with the centrate percentage in the culture
medium up to values of 75 mgy1~ *day ~ !, despite the adverse effect of
an excess in centrate. Regarding phosphorus, a similar trend was ob-
served as in total nitrogen. Thus, the removal efficiency was higher than
95% when using < 50% centrate in the culture medium but reduced to
80% when using 50% centrate (Fig. 9C). In terms of removal capacity,
values were higher at 0.3 day~ ' than at 0.2day™?, increasing to
12 mgp1~ “day ~ ’. Previous studies have shown that microalgae can
remove up to 69% of total carbon (7.14 mgrcm™ 2~day_ 1
1400 mgrcl™ “day ') from piggery wastewater [33,34] whereas
when using clean water and pure CO,, all the inorganic carbon is
supplied by the gas phase, up to 1800 mgrc1™ *-day ™ ! being required
to maintain biomass productivity values up to 1.0 ggjomassl™ *-day !
[35]. In terms of nitrogen removal capacities, using centrate in the
culture, values up to 47.5mgyl™ “day~ ! were reported in indoor
cultures of Muriellopsis [30] whereas for Chlorella, values up to
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8.5 mgy1™ 'day~ ! were reported using ten-fold diluted centrate; this
value can increase to 22.7 mgyl™ :day”! under optimal conditions
[36]. Similar values were reported for pig manure, for which a nitrogen
removal capacity ranging from 0.5 to 12 mgy1~ *:day ~ ! were reported
[37]. With regard to phosphorus, previous experiments carried out
under indoor and outdoor conditions demonstrated that centrate lacked
phosphorus-limiting microalgal growth. It was shown that N. gaditana
could remove up to 5.8 mgp1~ “day !, depurating up to 75% of the
total phosphorus when 60% centrate was used under outdoor condi-
tions [13]. Outdoor conditions provided the maximal removal cap-
ability of 2.6 mgp1™ -day ™ * with centrate at 30% [14].

Although the data reported here demonstrate that there was suffi-
cient treatment capacity to depurate clean water that could be released
safely into the environment, to maximize system sustainability it is
essential to recycle the nutrients contained in the centrate, not only to
remove them from the culture medium. Mass balances allow us to
identify the major phenomena related to nutrient removal or recycling.
Fig. 10 shows the data obtained from mass balances applied to each of
the experimental conditions tested. The data show that the total carbon
supplied in the culture medium was insufficient to satisfy the cultures'
demand for producing biomass; for this reason, approximately 90% of
the carbon was supplied by flue gas injection under whichever
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operating condition was tested. The carbon mass balance allows one to
confirm that carbon is mainly assimilated as biomass, > 80% for a
centrate percentage below 40%; whereas this value dropped to < 20%
under adverse culture conditions using 50% centrate in the culture
medium. Carbon loss to the air is minimal, lower than 20%, whatever
the experimental conditions, the most relevant carbon loss corre-
sponding to the supernatant. In the case of nitrogen, there could be a set
of phenomena occurring in the removal of this nutrient concurrent with
the nitrogen taken up by the microalgae cells that produce biomass;
namely, nitrogen release to the atmosphere and even nitrification-de-
nitrification processes performed by bacteria or cyanobacteria. No ni-
trification phenomena were observed from the experimental data, but
results confirm that only at the minimum centrate percentage used
(20%) was the nitrogen mainly assimilated into the biomass, > 90%,
with < 10% being lost to the atmosphere. When increasing the centrate
percentage in the culture medium, nitrogen loss to the atmosphere
greatly increased, becoming the main contribution. Because no ni-
trification-denitrification was observed, the explanation for this phe-
nomenon is an enhancement in ammonium/ammonia stripping when
increasing the ammonium concentration in the culture, thus increasing
the driving force for mass transfer. Previous works concluded that
stripping is a function of the reactor mass transfer capacity comprising
three important factors (temperature, pH and airflow). It has been re-
ported that temperature (=22 °C), pH (= 8) and airflow are determi-
nants for this phenomenon's occurrence [38,39]. Thus, a mix of these
factors coupled to nutrient taken up by the microalgae cells led to al-
most complete nitrogen depuration. Finally, with regard to phosphorus,
a similar trend to that observed for nitrogen was observed. Phosphorus
assimilation by the biomass was the main contributor, > 90%, when
using the lower centrate percentage in the culture medium; this reduced
to 70% and 20% when increasing the centrate percentage in the culture
medium to 30 and 40%, respectively. Phosphorus loss to the super-
natant was not relevant, most of the phosphorus was probably lost by
precipitation due to an excess in phosphorus supply and alkaline pH
during the experiments. Because both ammonium stripping and phos-
phorus precipitation are pH dependent, reducing the pH during the
culture operation would be advantageous despite a greater demand for
flue gas to maintain this lower pH.

5. Conclusions

The data presented here demonstrate that the seawater strain N.
gaditana can be produced outdoors in tubular photobioreactors using
centrate as the nutrient source. The presence of contaminant strains can
be modulated by modifying the operating conditions (the centrate
percentage in the culture medium and the set dilution rate). It has been
demonstrated that an excess of centrate reduces the cultures' perfor-
mance both in terms of biomass productivity and solar light utilization
efficiency. However, at 20-30% centrate and a 0.3 day ~ ! dilution rate,
the system performance is optimal. Under these conditions, not only
was the biomass productivity higher, up to 0.6 gyiomass]1~ **day ~ !, but
also nutrient removal efficiency and the net assimilation of nutrients by
the biomass. Moreover, under these conditions the quality of the re-
leased water complied with the strictest regulations, meaning it can be
released safely into the environment. This work has identified the main
phenomena occurring when using centrate to produce marine micro-
algae strains, making it a promising strategy for producing sustainable
and profitable microalgal biomass for low cost applications.
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