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ABSTRACT

With the aim of assessing the potential of microalgae cultivation for water resource
recovery (WRR), the performance of three 0.55 m? flat-plate photobioreactors (PBRs)
was evaluated in terms of nutrient removal rate (NRR) and biomass production. The
PBRs were operated outdoor (at ambient temperature and light intensity) using as
growth media the nutrient-rich effluent from an AnMBR fed with pre-treated sewage.
Solar irradiance was the most determining factor affecting NRR. Biomass productivity
was significantly affected by temperatures below 20 °C. The maximum biomass
productivity (52.3 mg VSS-L™t.dt) and NRR (5.84 mg NH4-N-L*.d* and 0.85 mg PO.-
P-Lt.dY) were achieved at solar irradiance of 395 pE-m2-s’*, temperature of 25.5 °C,
and HRT of 8 days. Under these conditions, it was possible to comply with effluent
nutrient standards (European Directive 91/271/CEE) when the nutrient content in the

influent was in the range of 40-50 mg N-L and 6-7 mg P-LL.

Keywords

Flat-plate photobioreactors; microalgae; nutrient removal; outdoor cultivation;

wastewater.
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1. INTRODUCTION

In recent years, there has been an increasing interest in the development of new
mainstream (and sidestream) treatment units allowing to move from the current
WWTPs towards the so-called water resource recovery facilities (WRRFs).
Consequently, maximising energy efficiency and resource recovery has become a key

issue in the sewage treatment field (Beuckels et al., 2015).

Microalgae-based systems appear as a “green” alternative for sewage treatment (Judd et
al., 2015; Zhou et al., 2014). Autotrophic microalgae are photosynthetic
microorganisms that use inorganic carbon (CO2 and HCO3") for biomass production and
obtain the energy needed for growth and metabolism from light. Moreover, the required
macronutrients (N and P) are taken up in the form of inorganic compounds such as
ammonium (NH;) and phosphate (PO2~). The generated algal biomass can be valorised
in various ways for energy recovery (biofuel production) and nutrient recovery

(fertiliser production) (Brenan and Owende, 2010).

Microalgae cultivation can be applied in different stages of the sewage treatment cycle
depending on the wastewater nutrient content (Alcantara et al., 2015; Valverde-Pérez et
al., 2015). For instance, Ruiz-Martinez et al. (2012) showed that the effluent from an
anaerobic membrane bioreactor (AnMBR) fed with pre-treated sewage can be
successfully applied for microalgae cultivation since it is commonly enriched in NH;
and PO;~. Therefore, when it is not possible to recycle the effluent from an AnMBR
system for irrigation or fertigation purposes, microalgae cultivation represents an
interesting alternative for nutrient recovery. In addition, AnMBR have been reported as
a promising water resource recovery (WRR) process (see, for instance, Pretel et al.,

2016; Smith et al., 2014) since it combines the main advantages of anaerobic-based
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technology (biogas production and reduced power consumption and sludge production)
and filtration-based technology (small footprint, complete retention of biomass and

generation of high-quality and solid-free effluent).

Hence, the combination of AnMBR and microalgae-based technologies can be
considered an interesting approach for recovering nutrients and energy from sewage
whilst reducing carbon footprint, providing therefore the desired step from WWTPs to

WRREFs.

Open pond systems and closed-air photobioreactors (PBRs) are the leading contenders
for large-scale microalgae cultivation. Although open ponds present relatively low
costs, closed-air PBRs allows efficiently increasing microalgae cultivation yields
mainly because these systems reduce culture contamination (e.g. pathogens, predators).
Other benefits of closed-air PBRs are: (1) reduced footprint, (2) increased volumetric
productivities, (3) enhanced gas (CO>) transfer, and (4) protection from outdoor

climate-related impacts such as rainfall and evaporation (Maity et al., 2014).

The application of closed-air PBRs for sewage treatment has been mostly reported at
lab-scale using artificial light and/or temperature control (see, for instance, Krustok et
al., 2016; Medina and Neis, 2007; Ruiz-Martinez et al., 2012). However, microalgae
cultivation in pilot-scale PBRs operated at ambient solar irradiance and temperature has
been much less examined (Arbib et al., 2013a; Gouveia et al., 2016), which is necessary
for establishing the baselines for future cultivation improvements in this kind of systems

(Schoepp et al., 2014).

The objective of this study was to evaluate the potential use of microalgae cultivation
for nutrient recovery in WRRFs. To this aim, three pilot-scale PBRs (working volume

of 0.55 m®) were operated using the nutrient-rich effluent from an AnMBR pilot-plant
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(Gimeénez et al., 2011) that treated sewage. Specifically, the AnMBR was fed with
effluent from the pre-treatment (screening, degritter and grease removal) of the
Carraixet WWTP (Valencia, Spain). The PBR plant was operated outdoor (i.e. at
ambient solar irradiance and temperature); and the nutrient loading rate (NLR) varied
depending on both Carraixet WWTP intake dynamics and AnMBR performance.
Hence, the performance of the PBR system (microalgae growth and nutrient uptake)

was evaluated under similar conditions to the ones expected at likely full-scale plants.

2. MATERIALS AND METHODS

2.1. PBR description

Microalgae cultivation was performed in three outdoor flat-plate PBRs made of
transparent methacrylate. Each PBR had a total and working volume of 0.62 m* and
0.55 m?3, respectively. Their dimensions were 1.25-m height, 2-m width and 0.25-m
depth. All three PBRs were south-facing to take full advantage of solar irradiance and
were located in the Carraixet WWTP (39°30°04.0°’N 0°20°00.1"’W, Valencia, Spain).
The PBRs were operated independently at different time periods from September to
December. Figure 1 shows the flow diagram of the PBR plant used in this study. The
plant was fed with the nutrient-rich effluent from an AnMBR pilot plant (see Giménez
et al., 2011) that treated sewage. Specifically, the AnMBR was fed with effluent from
the pre-treatment (screening, degritter and grease removal) of the Carraixet WWTP
(Valencia, Spain). The influent was pumped to a 0.1 m? distribution chamber (DC) from

which it was fed equally by gravity into three PBRs (PBR1, PBR2 and PBR3).

The PBRs were continuously stirred by gas sparging, which promoted proper mixing

conditions, avoided wall fouling and ensured adequate CO> transference within the
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broth column. To this aim, one compressor (C) recycled gas continuously from the
headspace of the PBRs to the system, which allowed to reduce CO> losses as well. The
flow-rate of gas entering each PBR was set to 0.061 vvm (2 m3-h1). To maintain
suitable microalgal growth rates and avoid undesirable chemical processes (e.g.
phosphate precipitation and free ammonia stripping), pH was controlled at 7.5 by
introducing pure CO2 (99.9%) from a pressurised bottle into the system through the gas
recycling pipe. The amount of CO> fed to each PBR during the experimental period

ranged from 2.45 to 5.73 mg CO-L-d™.

Each PBR was equipped with a pH-temperature (pHD sc Hach) transmitter and a
dissolved oxygen (DO) transmitter (LDO sc Hach). Moreover, an on-line irradiation
sensor (Apogee Quantum) was installed on the surface of the PBRs for measuring the

photosynthetically active radiation (PAR).

2.2. Microalgae inoculation

Microalgae were originally collected from the secondary settler of the Carraixet
WWTP, thus the microorganisms were already adapted to the environmental conditions
and sewage matrix. These indigenous microalgae were selected for process inoculation
since previous studies shown that a natural bloom of these genus (Scenedesmus sp.
and/or Chlorella sp.) was observed in the reactor when seeking the natural colonisation
of the system. Moreover, previous studies conducted with other isolated species resulted
in the development of a culture with a vast predomination of Scenedesmus sp. and/or

Chlorella sp. after several days of operation (data not shown).

Then, microalgae biomass was pre-cultivated in batch mode at bench-scale using a

cylindrical, transparent methacrylate reactor (internal diameter of 20 cm) with a total



128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

volume of 10 L. Four arrays of 3 vertical fluorescent lamps (Sylvania Grolux, 18 W),
which were distanced each other by 10 cm, illuminated the reactor continuously from a
distance of 10 cm. Light intensity was set to 200 uE-m2-s™, measured at the surface of
the reactor. This reactor was placed inside a climatic chamber with air temperature
control set to 22 °C. To this aim, effluent from the aforementioned AnMBR was used as
growth medium. The biomass in the laboratory reactor formed a stable culture of
microalgae with a vast predominance of Scenedesmus sp. (>99%). PBR1 was inoculated
using microalgae pre-cultivated at laboratory conditions. PBR2 and PBR3 were
inoculated using wasted microalgae biomass obtained during the operation of PBR1 and
PBR2, respectively. The PBR start-up procedure consisted in the following: i)
inoculation of the PBR with the microalgae culture from laboratory or a previously
operated PBR (10% of total working volume with volatile suspended solids (VSS)
concentration between 300-500 mg-L™); ii) conditioning stage in batch mode until
reaching pseudo-steady state conditions (i.e. reaching stable VSS concentration); and

iii) start-up of an automatic semi-continuous feeding mode during daylight hours.

2.3. PBR operation

As reported before, the PBRs were fed using the nutrient-rich effluent from an AnMBR
fed with pre-treated sewage. Therefore, the nutrient load entering the PBRs varied
depending on both WWTP intake dynamics and AnMBR performance. The main
characteristics of the influent to the PBR plant during the whole experimental period
were ammonium (NH}) of 55.2 + 15.6 mg N-L, phosphate (P03~) of 6.8 + 1.7 mg
P-L%, N:P mass ratio of 8.1 + 0.7 g N-g*P, total COD of 35 + 6, alkalinity of 448 + 96
mg CaCOs-L™* and VFA of 1.75 + 0.5 mg HAc-L%. Nitrite (N0 ) and nitrate (NO3) in

the influent were negligible.
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The whole experimental period (from September to December) was divided into
different operating periods (i, ii and iii) according to the operated PBR. Specifically,
period i, ii and iii comprised the operation of PBR1, PBR2 and PBR3, respectively. The
PBRs were operated within September-December, October-November and October-
December, respectively. In addition, operating period i and iii were sub-divided into two
sub-periods (sub-periods i1 and i2 and sub-periods iiil and iii2) according to the
operating HRT and environmental conditions, respectively. Table 1 shows the average
operating and environmental conditions for the pseudo-steady state reached at the end of
each operating (sub-)period. Temperature and solar irradiation varied depending on
ambient conditions. Two HRTs were evaluated in this study: 14 and 8 days. HRT of 14

days was only applied during sub-period i2.

Allylthiourea was used in order to inhibit nitrification in the PBRs (Krustok et al.,
2016). Thus, the main process responsible for nitrogen depletion was nitrogen uptake by

microalgae. Allylthiourea was added at the concentration of 5 or 10 mg-L™.

In this study, biomass productivity (mg VSS-L™-day™) and nitrogen-NRR (mg N-L

L.day?) and phosphorus-NRR (mg P-L*-day™) were calculated as follows:

Biomass productivity = % (Eq. 1)

where Xvss (mg VSS-L7) is the volatile suspended solids concentration in the PBR.

Ni;—N¢

nitrogen — NRR = (EQ. 2)

tVppr

where Ni is the mass of nitrogen entering the system, Ne is the mass of nitrogen leaving
the system in the effluent, t is the interval of time considered, and Vpgr is the volume of

the medium in the PBR.



Pi—P¢

174  phosphorus — NRR = (Eq. 3)

tVppr

175  where P; is the average mass of phosphorus entering the system and Pe is the average

176 mass of phosphorus leaving the system in the effluent.

177 2.4. Sampling and Analytical Methods

178  In order to evaluate the process performance, grab samples were collected from influent
179  and effluent streams three times per week. It is important to note that the PBRs were
180  operated semi-continuously at large HRTs (14 and 8 days). Therefore, the system

181  equalised possible sudden variations in the influent load. Moreover, the influent to the
182  PBR plant was the effluent from an AnMBR system operated at HRT of around 1 day
183  and SRT of 70 days. Thus, grab samples allowed capturing the dynamics observed in
184  influent and effluent streams of the PBRs. The soluble fraction (filtrate) was obtained
185 by vacuum filtration with 0.45 mm pore size filters (Millipore). Ammonium (NH"),
186  nitrite (NO3), nitrate (NO3), and phosphate (P03 ) were determined in the filtrate

187  according to Standard Methods (APHA, 2005) (methods 4500-NH3-G, 4500-NO2-B,
188  4500-NO3-H, and 4500-P-F, respectively) in a Smartchem 200 automatic analyser

189  (Westco Scientific Instruments, Westco). Effluent VVSS was also analysed according to
190  Standard Methods (APHA, 2005) (method 2540 E). All measurements were performed
191 induplicate. The uncertainty associated with each presented value includes: 1) the

192  standard deviation of duplicates analysed throughout the experimental period, and 2) the

193  coefficient of variation associated with the analytical method.

194  Eukaryotic cell number (cells-L 1) was determined by epifluorescence microscopic
195  methods (Pachés et al., 2012) using a Leica DM2500 microscope which incorporates a

196  100x oil-immersion objective. In this measurement, a minimum of 300 cells were
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counted and at least 100 cells of the most abundant species were counted with an error

below 20% (Lund et al., 1958).

2.5. Partial least squares regression (PLSR)
Partial least squares regression (PLSR) is a type of multivariate analysis (two-block
predictive PLS) for relating two data matrices, X and Y, by a linear multivariate model
(Wold et al., 2001). PLSR allows to model one or several responses (Y) from a set of
predictors (X) while reducing the dimensionality of the explanatory variables.
Moreover, this method identifies the predictors that better explain the information

content between the X and Y data sets.

mixOmics library (http://www.mixOmics.org) through the R statistical package version
3.2.3 (http://www.R-project.org) was used in this study to implement the PLSR

algorithm.

PLSR algorithm was conducted to evaluate the effect of different operating and
environmental factors (i.e. predictors, X) on several process performance indicators (i.e.
responses, Y). Specifically, the set of predictors evaluated consisted of the following:
nitrogen to phosphorus ratio in the influent, nutrient loading rate referred to nitrogen,
nutrient loading rate referred to phosphorus, temperature and light intensity. The
responses evaluated consisted of: biomass productivity, nutrient removal rate referred to

nitrogen and nutrient removal rate referred to phosphorus.

3. RESULTS AND DISCUSSION

By way of example, Figure 2 illustrates the time evolution profiles of PAR, pH, DO and

temperature within two days of operation of period ii. These time evolution profiles

10
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followed a similar pattern in the rest of operating periods evaluated. As this figure
shows, DO behaved similarly to PAR during daylight hours, recording therefore
maximum DO values around midday. Despite oxygen consumption due to microalgae
respiration, an upward trend was observed in DO during night-time hours. This upward
trend was related to temperature variations affecting oxygen solubility in water. Indeed,
DO varied according to culture temperature during night-time hours, meeting the

saturation concentration of DO in water for each operating temperature.

CO2 was automatically fed to the system in order to keep the pH at values around 7.5,
even during daylight hours with high solar irradiance. It has been extensively reported
that pH values above 9 negatively affect microalgae culture since it allows phosphate

precipitation and free ammonia volatilisation (Arbib et al., 2013Db).

During the whole experimental period (periods i, ii and iii), the PBRs resulted in a
stable culture of microalgae with a vast predominance of Scenedesmus sp. (> 99%) and
one-time appearances of Chlorella sp. Those microalgae species (Scenedesmus sp. and
Chlorella sp.) are the species most frequently observed in microalgae-based wastewater
treatment systems (Morales-Amaral et al., 2015). By way of example, Figure A.1 in

Appendix A shows a microscopic image of the microalgae culture from PBR1.

The predominance of a given species of microalgae among others seems to be related
not only to environmental conditions such as temperature and solar irradiance intensity
but also to the availability of N and P in the medium since microalgae are able to adjust
their intracellular macronutrient content (Beuckels et al., 2015). Rhee (1978) found that
the optimal cellular N:P mass ratio of Scenedesmus sp. was 13.6 g N-g™* P. Silva et al.
(2015) reported an optimal N:P mass ratio of 3.6 for Chlorella sp. In our study, the

observed influent N:P mass ratio was 8.1 + 0.7, which favoured the predominance of

11
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Scenedesmus sp. versus Chlorella sp. In addition, the influent N:P mass ratio was in the
optimum range for nutrient removal reported by Xin et al. (2010) for Scenedesmus sp.
(5-20 g N-g* P). In addition, there are other factors, such as environmental conditions
(temperature and solar irradiance), pH, nutrient levels, shear stress due to aeration
intensity, among others, that also affect the inter-specie competition and therefore the

prevailing species.

As regards organic matter removal, the influent to the PBRs was characterised by low
COD levels (35 £ 6 mg/L). Most of this COD was non-biodegradable as this stream
came from an AnMBR plant that degraded almost all biodegradable organic matter.
Indeed, soluble COD concentrations in influent and effluent streams from the PBRs
were nearby the same, which corroborated that there was not meaningful heterotrophic

activity (either bacteria or microalgae) throughout the experimental period.

3.1. Period i. PBR performance at different levels of temperature and HRT

As Figure 3 shows, PBR1 was operated for 94 days at different levels of temperature
(around 25 and 15 °C for the pseudo-steady state reached at the end of sub-periods i1
and i2, respectively — see Table 1) and HRT (8 during sub-period i1 and 14 days during
sub-period i2). As previously commented, period i was divided into two sub-periods
according to the applied HRT. Although both solar irradiance and temperature varied
freely depending on ambient conditions due to the outdoor operation, PAR resulted in
similar average levels for the pseudo-steady state reached at the end of sub-periods il
and i2 (see Table 1). Therefore, its effect on average process performance was not

strictly considered during operating period i.

12
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On the other hand, the ammonium and phosphate contents in the influent remained
fairly constant until day 60 (see Figure 3a). After day 60 of operation, these contents
underwent an important increase according to WWTP intake dynamics and AnMBR
operation, reaching average pseudo-steady state values at the end of the operating
period of 84.6 mg NH4-N-L* and 9.7 mg PO4-P-L™. Nevertheless, NLR remained in
similar values at the end of sub-periods i1 and i2 (see Table 2) because of operating at

different HRT levels.

As Figure 3a shows, the effluent ammonium and phosphate concentrations increased
during sub-period i1 (operating at HRT of 8 days) until reaching the pseudo-steady state
around day 24. Although temperature remained close to the optimum value for
Scenedesmus sp. (optimal growth rates were reported by Xin et al. (2011) at 25 °C), the
low values recorded in solar irradiance (average pseudo-steady state value of 148 + 36
HE-m=2.s1) combined with the applied HRT favoured biomass washout. Specifically,
biomass concentration decrease from approx. 300 mg VSS-L* and 5-10° cells-L™ to
values of around 200 mg VSS-L* and 3-10° cells-L™* at the end of sub-period i1.
Specifically, the pseudo-steady state biomass productivity and nutrient removal rate
(NRR) in sub-period i1 resulted in 23.4 + 0.6 mg VSS-Lt.d* and 2.08 + 1.17 mg NHs-
N-L.d?and 0.17 + 0.17 mg PO4-P-L-d%, respectively; whilst the pseudo-steady state
ammonium and phosphate removal efficiency resulted in 41.6 £ 4.0 % and 36.1 +

5.9 %, respectively.

HRT was increased from 8 to 14 days at the very beginning of sub-period i2. From day
30 to 60, the increment in HRT resulted in a consequent decrease in NLR since the
influent ammonium and phosphate concentrations remained nearby constant (see Figure
3a). In addition to the increment in HRT, an increase in solar irradiance was also

registered between days 30 and 60. Due to the increase registered in both HRT and
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PAR, nitrogen-NRR and biomass productivity experimented a significant increase.
Specifically, nitrogen-NRR increased from approx. 1.25 to 2.35 mg NH4-N-L*-d" and
biomass concentration increased from approx. 176 to 361 mg-L*. This was mainly
related to reduced microalgae washout and increased microalgae growth rate due to

increased HRT and PAR, respectively.

However, the increment in HRT was compensated at the end of sub-period i2 by the
increased recorded in the influent ammonium and phosphate concentrations from day 60
until the end of the operating period (see Figure 3a). Indeed, NLR and N:P ratios
yielded values comparable to the ones recorded during the pseudo-steady state of sub-
period il (see Table 1). Moreover, after day 52, the daily average temperature
experimented an important decrease, remaining in values around 15 °C until the end of
sub-period i2. This values were far away from the optimal temperature of 25 °C
reported by Xin et al. (2011). On the other hand, the solar irradiance reached values at
the end of sub-period i2 similar to the ones from the pseudo-steady state from sub-
period il (see Table 1). Under those environmental and operating conditions, PBR1
achieved similar biomass concentrations at the end of sub-period i2 (around 200 mg
VSS-Ltand 3-10° cells-L1) than the ones obtained at the end of sub-period i1.
Nevertheless, biomass productivity (13.8 + 1.1 mg VSS-L*-d?) and nitrogen-NRR
(0.81 + 0.52 mg NH4-N-L2-d%) were lower. Hence, the results showed that nearly
doubling HRT does not guarantee increased biomass productivity and NRR in outdoor
microalgae cultivation when operating at low temperature (around 15 °C). In this
respect, Larsdotter (2006) stated that HRT must not exceed the required time to
maintain optimum growth rates of microalgae. Indeed, Kim et al. (2014) concluded that
increasing HRT excessively may result in low NRR and biomass productivity. Thus, it

IS necessary to optimise the operating HRT depending on environmental conditions.
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Allylthiourea concentration in PBR1 was set to 5 mg-L™ during sub-period i1, which
seemed to be enough to control nitrifying bacteria since nitrite and nitrate
concentrations remained close to 0 mg N-L. However, an important nitrifying activity
was registered between days 45 and 50 (see Figure 3a), which was mainly attributed to
the increase in HRT. Therefore, in order to inhibit ammonium oxidation bacteria and to
study the potential microalgae nutrient uptake, allylthiourea concentration was increased
from 5 to 10 mg-L* for the rest of the experimental period (nitrite and nitrate

concentrations quickly decreased according to the dilution rate).

The microalgae ammonium-NRR observed throughout operating period i was lower
than other values reported in literature for Scenedesmus sp. For instance, Park et al.
(2010) reported NRR of 5-6 mg NH4-N-L*-d? when treating the nutrient-rich effluent
from an anaerobic digester fed with piggery wastewater and applying cycles of artificial
light (PAR of 200 HE-m2-st during 12 hours per day). On the other hand, Ruiz-
Martinez et al. (2012) reported NRR of 19.5 mg NHs-N-L*.d* and 3.7 mg PO4-P-L1.d"
! treating effluent from the AnMBR used in this study and working at lab-scale with
continuous artificial illumination (PAR of 114 and 198 pE-m2-s during 24 hours per
day). These results suggest that higher NRR could be obtained under more favourable

outdoor conditions.

As Figure 3a shows, within operating period i, the higher the influent nutrient
concentration the higher the effluent nutrient concentration. This behaviour is in
agreement with Arbib et al. (2013a), who reported that effluent nutrient concentration
trends follow influent nutrient concentration trends in non-nutrient limited and outdoor
microalgae cultivation (limited by ambient temperature and light conditions), for given

operating conditions.
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3.2. Period ii. PBR performance at nearby stable levels of solar irradiance and

temperature

As Figure 4 shows, PBR2 was operated for 27 days at HRT of 8 days and fairly
constant NLR (47.0 + 2.6 mg NHz-N-L? and 5.8 + 0.8 mg PO4-P-L1). During this
operating period, solar irradiance and temperature varied freely depending on ambient
conditions as well. Nonetheless, PAR and temperature remained nearby stable around a

given level (see Table 1).

Biomass productivity and NRR remained fairly constant during the whole operating
period, resulting in values of 30.5 + 1.8 mg VSS- L*-d* and 3.94 + 0.44 mg NH4-N-L"
L.dt (ammonium removal efficiency of 54.4 + 4.0 %) and 0.41 + 0.07 mg PO4-P- L*.d?
(phosphorus removal efficiency of 55.9 + 0.9 %), respectively, within the pseudo-steady
state period. Although average operating temperature and NLR during period ii were
similar to the ones from sub-period i1 (also operated at HRT of 8 days), period ii
resulted in higher NRR and biomass productivity. Microalgae concentration yielded
values of around 250 mg VSS-L* and 5-10° cells-L* at the end of operating period ii
(these values were also higher than the ones resulting from sub-period i1). The higher
NRR and biomass productivity obtained in period ii was attributed to the higher solar
irradiance achieved at the pseudo-steady state and also to the fact that no cloudy days
were registered during period ii (cloudy day was defined as days with average PAR

below 125 pHE-m2.s1).
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3.3. Period iii. PBR performance at different levels of NLR and solar

irradiance

As Figure 5 shows, PBR3 was operated for 64 days at different levels of solar irradiance
(around 402 and 290 uE-m2-s!) and NLR (2.61 g NHs-N-d* and 0.34 g PO4-N-d%, and
5.00 g NHs-N-d* and 0.58 g PO4-N-d?) at the pseudo-steady state reached at the end of
sub-periods iiil and iii2, respectively (see Table 1). Although temperature varied freely
depending on ambient conditions, it resulted in similar levels for both pseudo-steady
states (see Table 1). Thus, its effect on average process performance was not strictly
considered during operating period iii. However, a significant decrease in temperature
was observed throughout sub-period iiil, registering daily average values around 30 °C

at the beginning and 20 °C at the end of this sub-period.

Equal to PBR1 (operating period i), the ammonium and phosphate contents in the
influent to PBR3 remained fairly constant during sub-period iiil (47.2 £ 2.9 mg NHs-
N-Ltand 6.1 + 0.7 mg POs-P-L%, see Figure 5a). Nevertheless, these contents suffered
an important increase according to WWTP intake dynamics and AnNMBR operation
during sub-period iii2, reaching average pseudo-steady state values at the end of the
operating period of 84.6 mg NH4-N-L* and 9.7 mg PO4-P-L™%. Contrary to operating
period i, NLR increased significantly from sub-period iiil to sub-period iii2 (see Table

1) due to operating at constant HRT levels.

Sub-period iiil resulted in pseudo-steady state NRR values of 4.75 £ 0.03 mg NHs-N-L
L.d (removal efficiency of 75.2 + 2.2 %) and 0.51 + 0.08 mg PO4-P-L*-d™* (removal
efficiency of 77.9 £ 1.4 %). Moreover, this sub-period resulted in the maximum gross
NRR of the study: 5.84 mg NH4-N-L*-d and 0.85 mg PO4-P-L*-d, which

corresponded to removal efficiencies of 84.1% and 95.1% for N and P, respectively.
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However, a significant decrease in NRR was observed in sub-period iii2, with minimum
average values of 1.99 mg NHs-N-Lt.d"* and 0.30 mg PO4-P-L.d? at the end of the
sub-period (ammonium and phosphorus removal efficiencies of 69.4% and 66.2%,
respectively).The pseudo-steady state NRR values of sub-period iii2 were 3.35 + 0.57
mg NHs-N-L.d? (removal efficiency of 36.3 + 6.5 %) and 0.61 + 0.13 mg PO4-P-L"

L.d? (removal efficiency of 45.5 + 5.3 %).

Similar to the performance of PBR1, Figure 5 illustrates how the higher the influent
nutrient concentration is the higher the effluent nutrient concentration is in non-nutrient
limited conditions for microalgae cultivation operated at given conditions (see sub-
periods i2 and iii2). On the other hand, in the case of sub-period iiil (PBR3
performance), N and P were removed by Scenedesmus sp. below the current EU
emission standards (10 mg N-L™* and 2 mg P-L%, 91/271/CEE and 98/15/EC Urban
Wastewater Treatment Directive, European Commission Directive, 1998) when the
influent nutrient content was around 40-50 mg N-L™* and 6-7 mg P-L. These results are
in agreement with Beuckels et al. (2015), who operated at bench-scale and optimal

temperature and light.

Concerning the pseudo-steady state biomass productivity, maximum values of around
41.0 + 2.0 mg VSS-L*-d! were achieved during sub-period iii1. However, these values
decreased as the temperature and solar irradiance declined throughout operating period
i (see Figure 5b). Indeed, the pseudo-steady state biomass productivity decreased until
33.9 + 3.1 mg VSS-L*-d! in sub-period iii2. The pseudo-steady state VSS and cellular
density values decreased from 432 to 242 mg VSS-L* and from 9.2-10° to 1.78-10°
cells-L%. The significant decrease observed in total cells compared to VSS

concentration was attributed to an increase in the ratio of dead organic matter to
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microalgae, which was promoted by reduced daily average temperature and solar

irradiance.

3.4. Microalgae productivity and NRR in outdoor PBRs

Table 2 summarises the average values of the main process performance indicators
related to nutrient uptake and microalgae growth calculated within the pseudo-steady
state of each operating (sub-)period. As previously commented, these pseudo-steady
results were obtained when nearby stable VSS were achieved after having operated for a

minimum time period of three cycles of HRT.

As commented before, sub-period iiil resulted in the maximum NRR and biomass
productivity revealed in this study (52.3 mg VSS-L™*.d?, and 5.84 mg NH4-N-L*.d*!
and 0.85 mg PO4-P-L.d%, respectively). This sub-period was operated at 8 days of
HRT and favourable environmental conditions: influent nutrient content was around 40-
50 mg N-L* and 6-7 mg P-L, solar irradiance of around 402 uE-m-s, and
temperature of about 21 °C. Moreover, the environmental and operating conditions
within sub-period iiil allowed to meet effluent nutrient standards (7.2 = 3.9 mg NHa-

N-L?* and 0.6 + 0.4 mg PO4-P-L) legislated by the European Directive 91/271/CEE.

It is worth noting the direct effect that temperature and light intensity has on microalgae
cultivation. Indeed, steady state conditions are rarely achieved due to the significant
dynamics on ambient light intensity and temperature when operating outdoor. By way
of example, Figure 6 illustrates the evolution during operating period iii of: (a) NRR
and solar irradiance and temperature, and (b) biomass productivity and solar irradiance
and temperature. This figure shows how NRR and biomass productivity followed a

similar pattern to both solar irradiance and temperature. Solar irradiance was identified
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as a key factor affecting NRR in the short-term, whilst temperature was found to have a
direct impact on biomass productivity. These observations were corroborated by means
of PLSR algorithm (see Figure A.2 in Appendix A). Biomass productivity was directly
affected by temperature, while N-NRR was directly correlated with light intensity. On
the other hand, N-NRR was inversely correlated with N-NLR. Nevertheless, in this
case, N-NLR increased within sub-period iii2 whilst light intensity and temperature
decreased, overlapping therefore the individual effect of both NLR and environmental
conditions on NRR. As regards P-NRR, it was observed that one key factor affecting P-
NRR was the nitrogen to phosphorus ratio in the influent. Specifically, P-NRR was
inversely affected by this ratio, indicating that the higher the phosphorus content in the
influent is, the higher the P-NRR achieved (within the operating conditions evaluated in
this study). Nonetheless, further data from long-term operation should be necessary to

obtain more accurate statistical correlations.

Further research is needed in order to accurately determine the optimum combination of
environmental and operating conditions resulting in enhanced NRR and biomass
productivity. In this study, biomass productivity was around the lower bound for
Scenedesmus sp. (30-260 mg-L*-d) (Mata et al., 2010). Thus, the results obtained in
this study are lower than the ones obtained, for instance, at bench-scale. Nevertheless, it
Is important to note that other authors (e.g. Van Den Hende et al., 2014) also reported
an important decrease in NRR when scaling-up microalgae cultivation processes from
lab- to pilot-scale. This decreased process yield could be related to one of the most
detrimental limitations of continuously-operated PBRS, which is the biomass washout
problem (Bilad et al., 2014). Biomass productivity could be improved decoupling
biomass retention time (BRT) and HRT in a membrane photobioreactor (MPBR).

Membrane filtration would provide complete retention of biomass, preventing biomass
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washout thus allowing to increase both biomass concentration and productivity

(Marbelia et al., 2014).

4. CONCLUSIONS

Outdoor experiments in pilot-scale, closed-air PBRs reflected the significant impact of
environmental conditions (i.e. temperature and solar irradiance) on microalgae
cultivation for WRR. Temperatures below 20 °C significantly affected biomass
productivity. Solar irradiance was a key factor affecting NRR in the short-term. Nutrient
concentration met effluent standards (European Directive 91/271/CEE) when operating
at favourable environmental conditions. Overall, NRR and biomass productivity should
be further improved. Optimum combinations of operating and environmental conditions
need to be obtained. Since the washout of biomass is a key limiting factor, the
combination of microalgae cultivation and membrane filtration would enhance the

process performance.

Appendix A

Supplementary material.
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TABLE AND FIGURE CAPTIONS

Table 1: Average operating and environmental conditions within the pseudo-steady state of each

operating (sub-)period.

Table 2: NRR, nutrient removal efficiency and biomass productivity within the pseudo-steady state of

each operating (sub-)period.

Figure 1: Flow diagram of the PBR system. Nomenclature: DC: distribution chamber; PBR:

photobioreactor; P: pump; C: compressor.

Figure 2: Time evolution profiles within two days of operation of solar irradiance (PAR), temperature,

pH and DO.

Figure 3: Operating period i. Time evolution of: (a) influent and effluent nutrient concentration (NH},
NO3, NO3 and PO3~); and (b) biomass concentration, total cells, solar irradiance (PAR) and temperature.

The vertical line indicates the shift from sub-period il to sub-period i2.

Figure 4: Operating period ii. Time evolution of: (a) influent and effluent nutrient concentration (NH;,

NO;, NO3 and PO3™); and (b) biomass concentration, total cells, solar irradiance (PAR) and temperature.

Figure 5: Operating period iii. Time evolution of: (a) influent and effluent nutrient concentration (NHZ,
NO3, NO3 and PO37); and (b) biomass concentration, total cells, solar irradiance (PAR) and temperature.

The vertical line indicates the shift from sub-period iiil to sub-period iii2.

Figure 6: Operating period iii. Time evolution of: (a) nitrogen- and phosphorus-NRR (N-NRR and P-
NRR, respectively), solar irradiance (PAR) and temperature; and (b) biomass concentration, solar
irradiance (PAR) and temperature. The vertical line indicates the shift from sub-period iiil to sub-period

iii2.
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607  TABLES

608  Table 1: Average operating and environmental conditions within the pseudo-steady state of each

609 operating (sub-)period.

Ammonium Phosphate Influent Solar

Period Duzgglon (ETI) Almth'f_lf)rea loading rate loading rate N:P ratio irradiance Tem(;z)?:r)a ture
Y 9 (@NHeN-d)  (gPOsP-d?)  (gN-giP) (UE-m2s?)
P.il 30 8 5 3.07 £0.07 0.36 +£0.03 8.6x£0.9 148 + 36 246 + 0.6
P.i2 64 14 10 3.20+£0.73 0.36 +£0.08 8.7x04 124 + 117 154 +0.8
P.ii 27 8 10 2.86 £ 0.09 0.37 £0.03 75+£0.6 317 £107 22921
P.iiil 24 o 10 2.61+£0.21 0.34+£0.02 7.7+0.2 402+ 84 20.7+0.5
P.iii2 41 5.00 £0.46 0.58 +0.06 87105 290 + 162 176+2.2
610
611
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612  Table 2: NRR, nutrient removal efficiency and biomass productivity within the pseudo-steady state of

613 each operating (sub-)period.

Ammonium Ammonium Phosphate Phosphate Biomass
Period removal rate removal efficiency removal rate removal efficiency productivity
(mg N-L-1.d?) (%) (mg P-L-t-d) (%) (mg VSS-L-1.d?)
P.il 2.08+1.17 416+4.0 0.17 £0.17 36.1+59 234+0.6
P.i2 0.81+0.52 50.9+12.8 0.2+0.01 50.9+7.8 138+1.1
P.ii 3.94+£0.35 544 +4.0 0.41 £0.07 55.9+0.9 305+1.8
P.iiil 4.75+0.03 75.2+22 0.51+£0.08 77914 41.0x£20
P. iii2 3.35+£0.57 36.3+£6.5 0.61+0.13 455+5.3 339+31
614
615
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616 FIGURES
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617 Figure 1: Flow diagram of the PBR system. Nomenclature: DC: distribution chamber; PBR:

618 photobioreactor; P: pump; C: compressor.
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Figure 2: Time evolution profiles within two days of operation of solar irradiance (PAR), temperature,

pH and DO.
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Figure 5: Operating period iii. Time evolution of: (a) influent and effluent nutrient concentration (NHZ,

NO3, NO3 and PO3~); and (b) biomass concentration, total cells, solar irradiance (PAR) and temperature.

The vertical line indicates the shift from sub-period iiil to sub-period iii2.
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643 Figure 6: Operating period iii. Time evolution of: (a) nitrogen- and phosphorus-NRR (N-NRR and P-
644 NRR, respectively), solar irradiance (PAR) and temperature; and (b) biomass concentration, solar

645 irradiance (PAR) and temperature. The vertical line indicates the shift from sub-period iiil to sub-period

646  iii2.
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