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ABSTRACT
Two outdoor photobioreactors were operated to evaluate the effect of variable ambient
temperature on an indigenous microalgae-nitrifying bacteria culture dominated by
Chlorella. Four experiments were carried out in different seasons, maintaining the
temperature-controlled PBR at around 25 ºC (by either heating or cooling), while the
temperature in the non-temperature-controlled PBR was allowed to vary with the
ambient conditions. Temperatures in the range of 15-30 ºC had no significant effect on
the microalgae cultivation performance. However, when the temperature rose to 30-35
ºC microalgae viability was significantly reduced. Sudden temperature rises triggered
AOB growth in the indigenous microalgae culture, which worsened microalgae
performance, especially when AOB activity made the system ammonium-limited.
Microalgae activity could be recovered after a short temperature peak over 30 ºC once
the temperature dropped, but stopped when the temperature was maintained around 2830 ºC for several days.

1. INTRODUCTION
Since wastewater contains large amounts of nitrogen and phosphorus, these nutrients
have traditionally been removed from water to avoid eutrophication issues (Song et al.,
2018). However, classical nitrification-denitrification and phosphorus precipitation
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processes release nitrogen into the atmosphere and lose phosphorus with the sludge
(Acién et al., 2016). On the other hand, microalgae are able to recover the nutrients
present in wastewater (AlMomani et al., 2019; Ledda et al., 2015), while producing
valuable microalgae biomass (Acién et al., 2016). Microalgae-based wastewater
treatment thus presents as a win-win solution to recover nutrients from water.
Due to their adaptability to wastewater and their striking resistance against protozoa, the
green microalgae Chlorella is one of the most frequently used to recover nutrients from
wastewater (Gupta et al., 2019; Sforza et al., 2014; Yang and Kong, 2011). To achieve
maximum growth, microalgae must be maintained at optimum temperature (Huang et
al., 2019; Ippoliti et al., 2016). Lower than optimal temperatures limit their growth rate
by affecting the kinetics of the cell enzymatic processes (Binnal and Babu, 2017; Huang
et al., 2017; Manhaeghe et al., 2019; Serra-Maia et al., 2016). On the other hand,
temperatures over the limit deactivate some of the proteins involved in photosynthesis,
which reduces the performance of microalgae and can even lead to cell death (Nwoba et
al., 2019; Ras et al., 2013; Serra-Maia et al., 2016). In addition, temperature also affects
some other parameters related to microalgae growth, e.g. the level of CO 2 solubility in
the medium and the pH-value (Binnal and Babu, 2017; Xu et al., 2019). It also affects
the light intensity above which microalgae get photoinhibited (Huang et al, 2017), e.g.
microalgae tolerate higher light irradiance at temperatures near the optimum (Nwoba et
al., 2019). Optimal temperatures of Chlorella species have been widely reported in the
literature. However, these optimal temperatures are species-specific and results are often
controversial. For instance, Sforza et al. (2014) found the optimal temperature of C.
protothecoides for the treatment of primary effluent to be 30 ºC; while Binnal and Babu
(2017) obtained 25 ºC as optimum for the growth of C. protothecoides in secondary
effluent and Huang et al. (2019) reported 38.7 ºC as the optimum for C. pyrenoidosa
grown in synthetic water. It should also be borne in mind that all of these studies were
carried out in controlled lab conditions However, these lab-scale assays do not reflect
the fluctuation of ambient temperatures when microalgae are cultivated outdoors (Gupta
et al., 2019; Ling et al., 2019). Temperature variations under outdoor conditions can be
especially critical for microalgae growth in closed photobioreactors (PBRs) since there
are no evaporation losses that can regulate temperature (Yeo et al., 2018); especially
during the summer time in temperate regions (Huang et al., 2017; Nwoba et al., 2019)
such as those of the Mediterranean coast. Indeed, Wang et al. (2012) reported that the
temperature inside a closed PBR can be around 10-30 ºC higher than the ambient
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temperature. Hence, the outdoor evaluation of the appropriate temperature range of
indigenous microalgae cultivated in photobioreactors appears to be essential for the
application of this technology at industrial scale. However, scarce studies have focused
on evaluating the single effect of temperature on the performance of outdoor microalgae
PBRs.
It must be also considered that under outdoor conditions, indigenous microalgae tend to
dominate the culture since they are better adapted to such conditions, obtaining higher
performance than pure cultures (Thomas et al., 2019). Indigenous microalgae coexist
with other microorganisms present in wastewater, such as heterotrophic and nitrifying
bacteria, protozoa, rotifers, etc. (Sforza et al., 2014), which compete with microalgae for
nutrients. In this respect, the competition between microalgae and ammonium-oxidising
bacteria (AOB) for ammonium uptake should be controlled, since AOB can reduce
microalgae growth by depleting the ammonium concentration in the media (GonzálezCamejo et al., 2018a), hence limiting the performance of the process. Within this
microalgae-AOB competition, temperature plays a key role since AOB growth increases
sharply at higher temperatures (Jiménez, 2010). This effect has been previously
observed under lab conditions of constant temperature (González-Camejo et al., 2018b).
However, to the best of our knowledge the effect of variable ambient temperature on
microalgae-AOB competition has not been evaluated before. Further research is
therefore needed to fully understand the behaviour of an indigenous microalgae culture
in outdoor wastewater treatment.
In this context, the aim of this study was to analyse the effect of ambient temperature
variations on an indigenous microalgae-nitrifying bacteria culture (dominated by
Chlorella) which continuously treated the effluent from a sewage-fed AnMBR system.
The optimal temperature range of indigenous Chlorella growth was first evaluated by
operating two flat-panel PBRs during different seasons of the year (without
nitrification). Later, the microalgae-AOB competition for ammonium was assessed
during the continuous operation of the PBRs under variable ambient temperatures.

2. MATERIAL AND METHODS
2.1. Microalgae substrate and inoculum
The substrate used in this study was the effluent of an AnMBR plant that treated
effluent from the primary settler of the Carraixet wastewater treatment plant (WWTP)
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(39º30’04.0’’N 0º20’00.1’’W, Valencia, Spain). This plant is described in Seco et al.
(2018).
Nitrogen concentration varied in the 35-58 mg N·L-1 range, while phosphorus
concentration was between 3.5-6.0 mg P·L-1. As the AnMBR effluent was aerated in a
regulation tank to fully oxidise sulphide into sulphate before being fed to the PBRs,
negligible concentrations of sulphide were detected in the PBR influent, thus avoiding
microalgae limitation by sulphide (González-Camejo et al., 2017).
Indigenous microalgae were obtained from a mixed culture dominated by green
microalgae Chlorella (> 99% total eukaryotic cells (TEC)). Scenedesmus (< 1% TEC),
cyanobacteria, nitrifying and heterotrophic bacteria were also present in lower
concentrations.

2.2. PBR pilot plant
Microalgae were cultivated in two outdoor, flat-plate, 1.10-m high x 2-m wide x 0.25-m
deep, methacrylate PBRs (PBR-A and PBR-B) with working volumes of 550 L.
The PBRs were continuously sparged by air at a flow rate of 0.10 vvm through two
perforated pipes (on the bottom of the PBRs) to homogenise the culture and reduce wall
fouling. Oxygen concentrations in the PBRs were in the range of 10-15 mg O2·L-1, thus
avoiding oxygen inhibition of microalgae (Pawlowski et al., 2016). Pure CO2 (99.9%)
was injected into the air system whenever pH was over a set-point of 7.5.
The PBRs were illuminated by twelve LED lamps (Unique Led IP65 WS-TP4S-40WME) installed on the rear wall, offering an average light irradiance of 300 μE·m-2·s-1.
Each PBR incorporated one pH-temperature transmitter (pHD sc Hach Lange), one
dissolved oxygen sensor (LDO Hach Lange) and one irradiation sensor (Apogee
Quantum) attached to the PBR surface to measure only photosynthetically active
radiation (PAR). These on-line sensors allowed continuous data acquisition as explained
in Viruela et al. (2018).
PBR temperature was controlled by a water heating and cooling device with a
thermostat (Daikin Inverter R410A). Heated or cooled water was supplied to the PBRs
by a pump and 20-m long coiled pipe (set inside each PBR). The chosen temperature
set-point for heating was 30 ºC and 16 ºC for cooling. The cooling/heating fluid was
automatically pumped into the PBRs by opening an electrovalve whenever the
temperature went outside the set-point range of 21-25 ºC.
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Further information about the PBR plant can be found in González-Camejo et al.
(2019).

2.3. Experimental set-up
The effect of temperature on the mixed microalgae culture was assessed in terms of: i)
biomass productivity and nutrient recovery, and ii) microalgae-AOB competition.
Before each experiment, a start-up phase (described in González-Camejo et al., 2018a)
was initiated to reach a consistent culture with a biomass concentration of around 300400 mg VSS·L-1.

2.3.1. Effect of temperature in nutrient recovery and biomass productivity
The effect on nutrient recovery and biomass productivity was analysed through 4
experiments carried out in different periods of the year: autumn, winter, spring and
summer. During this first set of experiments, the PBRs were in semi-continuous
operation under the same nutrient loading rate, air sparging flow rate and hydraulic
retention time (HRT) of 6 days (i.e. 6-day BRT). They also received the same average
solar PAR (Table 1). A concentration of 5 mg·L-1 of allylthiourea (ATU) was
maintained in both reactors to inhibit AOB growth (González-Camejo et al., 2018a;
Krustok et al., 2016). The only parameter that varied was the culture temperature. PBRA was the temperature-controlled PBR, which was heated up in autumn and winter and
cooled down in spring and summer to maintain a culture temperature of around 25 ºC
(Table 1). PBR-B was the non-temperature-controlled PBR and thus varied freely with
natural temperature variations throughout the year (Gupta et al., 2019).

Table 1. Operating conditions in the evaluation of the effect of temperature in nutrient
recovery and biomass productivity.

Exp.

Days of

Light intensity
-2

Temperature (ºC)

Temperature
control

-1

operation (µmol·m ·s )

PBR-A

PBR-B

PBR-A PBR-B

1.1

29

254 ± 147

24.0 ± 1.4 20.6 ± 1.6

H

NC

1.2

14

184 ± 130

22.8 ± 2.4 16.4 ± 2.7

H

NC

1.3

16

225 ± 40

25.0 ± 1.5 28.8 ± 1.5

C

NC

1.4

25

262 ± 85

25.6 ± 1.4 31.5 ± 1.8

C

NC
5

H: heating; NC: no control of temperature; C: cooling.

2.3.2. Effect of temperature in microalgae-AOB bacteria competition
In a second set of experiments (2.1 and 2.2) PBR-A and PBR-B were operated in the
same conditions (BRT = HRT = 6 days) in which temperature was allowed to vary but
was the same in both PBRs. However, ATU concentration was kept at 5 mg·L-1 in PBRA to inhibit AOB growth (González-Camejo et al., 2018a), thus being the nitrificationinhibited PBR. On the other hand, no AOB inhibitor was added to PBR-B. PBR-B was
hence the non-nitrification-inhibited PBR.

2.4. Sampling and calculations
Duplicate grab samples were collected from the microalgae substrate (influent) and
PBR effluent three times a week. Ammonium (NH4), nitrite (NO2), nitrate (NO3) and
phosphate (PO4) were analysed according to Standard Methods (APHA, 2005): 4500NH3-G, 4500-NO2-B, 4500-NO3-H and 4500-P-F, respectively, on an automatic
analyser (Smartchem 200, WestcoScientific Instruments, Westco). Volatile suspended
solids (VSS) concentration was also measured three times a week in duplicate according
to method 2540 E of the Standard Methods (APHA, 2005).
Nitrogen recovery efficiency (NRE), phosphorus recovery efficiency (PRE) and
biomass productivity (BP) were calculated according to Eq.1, Eq. 2 and Eq. 3,
respectively:
NRE (%) =

𝑁𝑖 −𝑁𝑒
Ni

· 100

(Eq. 1)

where Ni is the nitrogen concentration of the influent (mg N·L-1) and Ne is the nitrogen
concentration of the effluent (mg N·L-1).
PRE (%) =

P𝑖 −P𝑒
Pi

· 100

(Eq. 2)

where Pi is the phosphorus concentration of the influent (mg P·L-1) and Pe is the
phosphorus concentration of the effluent (mg P·L-1).
VSS

BP = HRT

(Eq. 3)

where BP (mg VSS·L-1·d-1) is biomass productivity, VSS (mg VSS·L-1) is the PBR
volatile suspended solids concentration and HRT is the microalgae culture hydraulic
retention time (d).
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To compare between experiments operating under different solar PAR, the biomass
productivity:light irradiance ratio (BP:I, g VSS·mol-1) was calculated according to Eq.
4.
BP·V

·1000

PBR
BP: I = TP·t·S·24·3600

(Eq. 4)

where TP is the total photon flux applied to the PBR surface (i.e. solar irradiance plus
artificial lighting, µmol·m-2·s-1); t is the period of time considered (d) and S is the PBR
surface (m2).
In order to assess the growth of nitrifying bacteria, the nitrification rate (NOxR) (mg
N·L-1·d-1) was obtained by Eq. 5:
NOxR =

𝐹·(𝑁𝑂𝑥𝑒 −𝑁𝑂𝑥𝑖 )
V𝑃𝐵𝑅

(Eq. 5)

where F is the treatment flow rate (m3·d-1); NOxe is the concentration of nitrite plus
nitrate of the effluent (mg N·L-1); Ni is the concentration of nitrite plus nitrate of the
influent (mg N·L-1); and VPBR is the volume of the culture in the PBRs (m3).
SYTOX Green DNA staining dye (Invitrogen S7020) was used to monitor cell viability
(Sato et al., 2004). 0.1µL of SYTOX Green 5mM was added to 50µL of 250-400 mg·L1

suspended solids concentration of microalgae culture. As SYTOX Green is light-

sensitive, the samples were incubated in darkness for 5 minutes. After the given reaction
time had elapsed, the samples were excited by fluorescence microscope (DM2500,
Leica, Germany) equipped with a filter set at 450 – 490 nm for excitation and 515 nm
for emission. More than 400 cells were counted in duplicate for viability calculation in a
Neubauer counting chamber in each experiment.

2.5. Statistical analysis
All results are shown as mean ± standard deviation of the duplicates. To determine the
effect of temperature on microalgae performance, productivity, nitrogen and phosphorus
removal efficiencies of R-A (temperature control) and R-B (non-temperature control)
were compared. A t-test was carried out between the means values obtained for each
reactor. In the case of comparing different seasons, an analysis of variance (ANOVA)
was performed to evaluate statistical significant differences. Statistical analysis was
assessed by STATGRAPHICS Centurion XVI.I. p-values < 0.05 were considered
statistically significant with a level of significance of 95%.
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3. RESULTS AND DISCUSSION
3.1. Effect of temperature on biomass productivity and nutrient recovery
In the first set of experiments, the temperature-controlled PBR was kept at a mean value
of around 25 ºC (Table 1).
Average NRE, PRE and biomass productivity values are shown in Figure 1.

Figure 1. Effect of temperature in biomass productivity and nutrient recovery. Mean values of NRE, PRE
and productivity. PBR-A: temperature controlled at around 25 ºC; PBR-B: free temperature. a)
Experiment 1.1 (autumn); b) Experiment 1.2 (winter);c) Experiment 1.3 (spring); d) Experiment 1.4
(summer).

Experiments in autumn, winter and spring did not show any significant differences in
terms of NRE, PRE and biomass productivity between the temperature-controlled and
the non-temperature-controlled PBR; i.e., p-values were higher than 0.05. Microalgae
cell viability was also similar in both PBRs, being in the range of 95-99% of viable
cells. The results obtained in autumn and spring were as expected, since the
temperatures remained within moderate ranges between 20-30 ºC (Figure 2). In fact,
Suthar and Verma (2018) reported this temperature range of 20-30 ºC as optimum for
the growth C. vulgaris.
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Figure 2. Evolution of average temperatures (with minimum and maximum intervals) during the first set
of experiments.

On the other hand, in winter experiment, when temperatures in the non-temperaturecontrolled PBR varied between 12-20 ºC (Figure 2), surprisingly, there were nonsignificant differences between both PBRs (p-value > 0.05, see Figure 1b). These results
disagree with other authors who reported lower microalgae performance when
temperature falls to moderate values; i.e., under 15 ºC (Gupta et al., 2019; Sforza et al.,
2014; Xu et al., 2019). According to Bussotti (2004), reducing the temperature slows
down the electron transfer in photosynthesis. Several factors could have been
responsible for this unexpected behaviour: i) the minimum temperature of around 12 ºC
in the non-temperature-controlled PBR (Figure 2) may not have been low enough to
significantly affect this indigenous culture. In this respect, Posadas et al. (2015) reported
efficient nutrient removal of Scenedesmus sp. in raceways at average temperatures of
10-11 ºC; ii) the temperature reached values below 15 ºC only during 50% of the winter
experiment. In this respect, Serra-Maia et al. (2016) reported that microalgae
productivity could recover when temperature rises again after a significant reduction;
iii) other factors such as daily light variations, PBR orientation, light gradients, etc.
(Slegers et al., 2011) could have had a stronger influence on microalgae performance,
lessening the temperature effect. In fact, Ferro et al. (2018) reported that adapted
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microalgae strains could grow at 5 ºC as long as they had enough light irradiance, but
did not proliferate when light intensity was low.
On the contrary, experiment in summer did show significant differences (p-value <
0.05) between the temperature-controlled and the non-temperature-controlled PBR,
although both reactors started at similar nutrient and VSS concentrations. In addition,
when comparing the light-normalised biomass productivity (BP:I) between different
experiments no significant differences (p-value > 0.05) were observed in all cases, with
the exception of the BP:I of the non-temperature-controlled PBR during summer, which
was the lowest (Table 2).

Table 2. Biomass productivity:light irradiance ratio (BP:I) for the first set of
experiments.
Exp.

(1)

BP:I
PBR-A

PBR-B

1.1

0.39 ± 0.10

0.41 ± 0.11

1.2

0.35 ± 0.10

0.33 ± 0.08

1.3

0.44 ± 0.12

0.42 ± 0.09

1.4

0.36 ± 0.04 0.22 ± 0.10(1)

Showed significant differences (p-value < 0.05).

During summer, the non-temperature-controlled PBR remained at the highest mean
temperatures of 31.5 ± 1.8 ºC, reaching peak values over 35 ºC for several days. As a
consequence, cell viability dropped to 69 ± 1% in this PBR but remained at 96 ± 2% in
the temperature-controlled PBR, which suggests that a culture deterioration occurred in
the non-temperature-controlled PBR due to heat stress (Manhaeghe et al., 2019; Nwoba
et al., 2019). Dead microalgae cells can release their nutrient content into the medium,
as reported by Serra-Maia et al. (2016). In fact, from day 16 onwards nutrients started to
accumulate in the non-temperature-controlled PBR, especially phosphorus, which
remained at negligible values in the temperature-controlled PBR, but reached over 2 mg
P·L-1 in the non-temperature-controlled PBR at the end of summer experiment (Figure
3a).
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Figure 3. Evolution during Experiment 1.4 in PBR-A and PBR-B of: a) nitrogen (Ns) and phosphorus
(Ps) concentrations; b) volatile suspended solids (VSS) concentration.

Other authors have also reported the unequal effects of high and low temperatures on
the microalgae culture (Almomani et al., 2019; Ras et al., 2013; Serra-Maia et al.,
2016). Microalgae growth drops much more abruptly at high than low temperatures. In
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fact, most microalgae strains can tolerate temperatures around 15 ºC below the
optimum, but exceeding the optimum temperature by only 2-4 ºC can be detrimental for
algae growth (Venkata Subhash et al., 2014). Hence, it is essential to find out the
maximum tolerable temperature of the microalgae culture in order to obtain an optimal
performance in the microalgae cultivation process. In this respect, Binnal and Babu
(2017) observed a noticeable decrease in the performance of Chlorella protothecoides
when temperature attained 30 ºC. Similarly, García-Cubero et al. (2018) obtained lower
biomass productivity of Chlorella vulgaris at 30 ºC but no microalgae growth was
observed at 35 ºC.
It can thus be concluded that the indigenous microalgae used in this study (mainly
composed of Chlorella) can be processed without temperature limits or inhibition in the
range of around 15-30 ºC. Further research is needed to determine the lowest
temperature at which microalgae restrictions begin. This optimum temperature range of
the indigenous microalgae culture is wider than those reported for pure cultures grown
in synthetic media. For instance, Suthar and Verma (2018) reported maximum growth
of Chlorella vulgaris in the range of 20-30 ºC, while Babel et al. (2002) obtained 28-35
ºC as the optimal for Chlorella sp. growth. In the study of García-Cubero et al. (2018),
C. vulgaris obtained the highest biomass productivity in the temperature range of 15-25
ºC.
At higher temperatures peaks of around 35 ºC, microalgae could be cultivated but its
performance was significantly reduced. Hence, in this microalgae-based system,
temperature has to be kept under 35 ºC to reduce microalgae mortality and avoid culture
collapse. Cooling microalgae in summer can be challenging (Huang et al., 2019) since,
apart from the ambient temperature, the culture can be heated by the excess of light
energy received by algae, emitted as fluorescence or heat through non-photochemical
pathways (Huang et al., 2017; Nwoba et al., 2019). Efforts will thus have to be made to
look for efficient ways of cooling microalgae on hot days to make the transition of this
technology feasible on a large scale. By way of example, Almomani et al. (2019)
reported a net energy benefit from cooling the culture in summer by using flue gas as
the carbon source for microalgae growth.

3.2 Effect of temperature in microalgae-AOB bacteria competition
Temperature affects not only microalgae metabolism but also other organisms present in
the culture, such as nitrifying bacteria (Jiménez, 2010). AOB proliferation is not
12

desirable, since they compete with microalgae for ammonium uptake and can worsen
microalgae performance (González-Camejo et al., 2018a). Another set of experiments
(2.1 and 2.2) was thus carried out to assess the effect of temperature on microalgaeAOB competition.
In these experiments, the same ambient and operating conditions were maintained in
both PBRs, except for ATU concentration, which was added only to the nitrificationinhibited PBR. The main difference between Experiments 2.1 and 2.2 was the mean
temperature of both PBRs, which was 18.5 ± 2.5 and 26.7 ± 1.1 ºC, respectively.
The NOxR, i.e. the production of nitrite and nitrate in the mixed microalgae-nitrifying
bacteria culture, was used to assess nitrifying bacteria activity (Rossi et al, 2018). It
should be noted that NOxR is an approximate value since it does not include the nitrate
and nitrite consumed by algae. These nitrite and nitrate absorbed by microalgae were
expected to be low, since the ammonium uptake is far higher than that of nitrate (Eze et
al., 2018). However, if the nitrate uptake rate were to be higher than the nitrification
rate, negative NOxR values would be obtained.

3.2.1 Experiment 2.1
This experiment lasted 81 days and was carried out in autumn-winter, so that
temperature presented a mean value of 18.5 ± 2.5 ºC. It was divided into two periods:
Period 2.1.I (41 days) and Period 2.1.II (40 days). Figure 4 shows the evolution of the
nutrient concentrations and the nitrification rate during this experiment. The high
variability of nutrient concentrations can be seen in Figure 4a. This was due not only to
PBR performance, but also to the large variations in the nutrient load (data not shown).
In Period 2.1.I mean temperatures remained under 25 ºC and no significant differences
were observed between the nitrification-inhibited and the non-nitrification-inhibited
PBR in terms of nutrient concentrations (Figure 4a) and nitrification rates, which were
in the range of -1/+1 mg N·L-1·d-1 (Figure 4b). Microalgae cell viability was also
similar; i.e. 94 ± 7% in the nitrification-inhibited PBR and 92 ± 4% in the nonnitrification-inhibited PBR. This suggests that AOB activity was not significant in
Period 2.1.I in either reactor.
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Figure 4. Evolution during experiment 2.1 in PBR-A (inhibited nitrification) and PBR-B (free
nitrification) of: a) nitrogen (Ns), and phosphorus (Ps) concentrations; b) temperature and nitrification
rate (NOxR).

However, on days 42 and 43 (beginning of Period 2.1.II) it presented average values
over 25 ºC with peaks over 30 ºC (Figure 4b), which sharply increased nitrifying
bacteria activity, reaching NOxR values in the range of 3-6 mg N·L-1·d-1. On the other
14

hand, when the temperature dropped steadily on days 44-60, the nitrification rates
returned to negligible values (Figure 4b). It is well known that AOB growth is strongly
favoured at high temperatures and is around 0.77 d-1 at 18 ºC, which is similar to that of
Chlorella; i.e. 0.65-0.87 d-1 (Ledda et al., 2015; Xu et al., 2015). However, at 25 ºC it
can reach up to 1.61 d-1 (Jiménez, 2010), while Chlorella remain in the former range.
After day 60, nitrifying bacteria activity again started to rise, with a sharp peak on day
64. This time the temperature stayed at mean values in the range of 15-18 ºC (Figure
4b), so that AOB activity had to be theoretically low (Jiménez, 2010), as previously
mentioned. However, at this time, the non-nitrification-inhibited PBR had nitrogen
concentrations under 10 mg N·L-1 (Figure 4a). It has previously been reported that
microalgae activity is significantly reduced at nitrogen concentrations below 10 mg
N·L-1 (Pachés et al., 2018). Under these conditions, the microalgae growth rate in the
non-nitrification-inhibited PBR was therefore reduced because of limiting nitrogen, and
AOB activity was favoured when the ammonium load increased after day 65, reaching
an NOxR of 3.9 ± 2.1 mg N·L-1·d-1.
The higher nitrifying bacteria activity worsened microalgae performance in the nonnitrification-inhibited PBR after day 65. In fact, both nitrogen and phosphorus
concentrations accumulated in this PBR, which meant lower nutrient recovery rates than
the nitrification-inhibited PBR. In addition, microalgae cell viability fell slightly,
reaching values of 84 ± 3% in the non-nitrification-inhibited PBR, while it remained at
93 ± 2% in the nitrification-inhibited PBR during Period 2.1.II.
Another factor that could have favoured nitrifying activity in Period 2.1.II was light
intensity, since it was significantly higher in Period 2.1.I (308 ± 110 µmol·m -2·s-1) than
in Period 2.1.II; i.e., 256 ± 152 µmol·m-2·s-1. Light irradiance has been reported to
inhibit nitrifying bacteria growth (Guerrero and Jones, 1996), especially under
conditions of high oxygen concentrations (Prosser, 1990), as in this case. A previous lab
study (González-Camejo et al., 2018b) has also shown that the threshold temperature at
which AOB growth is favoured increases with higher light intensity; i.e. AOB rose at 22
± 1ºC and 40 µmol·m-2·s-1, but at 85 µmol·m-2·s-1, AOB activity did not significantly
notice until 27-28 ºC was reached. Lastly, at a light irradiance of 125 µmol·m-2·s-1,
negligible AOB activity was seen below 32 ºC. These results suggest that AOB activity
is significant only when their growth rate is considerably higher than that of microalgae.
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3.2.2 Experiment 2.2
As Experiment 2.2 was carried out in spring and summer, culture temperatures were
considerably higher than in Experiment 2.1 (i.e., mean value of 26.7 ± 1.1 ºC), and
remained fairly stable (Figure 5b).

Figure 5. Evolution during experiment 2.2 in PBR-A (inhibited nitrification) and PBR-B (free
nitrification) of: a) nitrogen (Ns), and phosphorus (Ps) concentrations; b) temperature, volatile
suspended solids (VSS) concentration and nitrification rate (NOxR).
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At these high temperatures, AOB growth was expected to rapidly surpass that of the
microalgae, due to their theoretically higher growth rate than Chlorella, as mentioned in
Section 3.2.1. However, there were negligible differences in the nitrification rates of
both PBRs at the beginning of the experiment, even after maximum temperatures over
30 ºC on days 9-10 (Figure 5b). As reported by other authors (Lau et al., 2019; Ras et
al., 2013; Yadav and Sen, 2017), it is possible that this indigenous microalgae could
have been adapted to high temperatures since the start-up phase of Experiment 2.2 was
performed at similar temperatures to those of its continuous operation (data not shown),
thus being more competitive than AOB and reaching a consistent microalgae biomass of
384 mg VSS·L-1 at day 10 (in Period 2.1.I, the VSS concentration prior to nitrification
only achieved 299 ± 22 mg VSS·L-1). However, after 3 days of temperatures over 30 ºC
(days 16-18), NOxR rose steadily in the non-nitrification-inhibited PBR (Figure 5b),
probably because of two simultaneous effects: i) the increasing AOB activity at higher
temperatures (Jiménez, 2010) as explained in section 3.2.1; ii) the reduction of the
microalgae performance under temperatures of 30-35 ºC, as already stated in section
3.1. Consequently, nitrifying bacteria outcompeted the microalgae from day 25 on,
which implied that nitrogen concentration in the non-nitrification-inhibited PBR was
higher than in the nitrification-inhibited PBR at the end of Experiment 2.2 (Figure 5b)
and viability in the non-nitrification-inhibited PBR fell to 80 ± 17%.
It is possible that sudden temperature rises also had an influence on microalgae-AOB
competition. It seems that under normal light and mild temperature situations,
microalgae growth is higher than AOB (Marcilhac et al., 2014; Risgaard-Petersen et al.,
2004), therefore increasing their biomass concentration and outcompeting nitrifying
bacteria. However, sudden temperature rises can prompt accelerate AOB growth,
making them able to compete with microalgae for ammonium uptake. After this sharp
increase in AOB, if the ambient conditions such as high temperatures are maintained
favourable for nitrifying bacteria growth (as in Experiment 2.2), nitrification will rise
steadily and the nitrifiers will outcompete the microalgae, as occurred at the end of
Experiment 2.2 (Figure 5). This suggests that the competition between microalgae and
nitrifying bacteria leads to competitive exclusion (Passarge et al., 2006). On the other
hand, if the temperature is re-established after its peak, the nitrification rate will drop
and microalgae performance can recover, as was seen in Experiment 2.1 (Section 3.2.1).
To sum up, variability of temperature plays an important role in the competition
between microalgae and AOB. Temperature peaks over 30 ºC and the maintenance of
17

the culture high temperatures can make nitrifying bacteria outcompete microalgae,
which can imply the culture collapse.

4 Conclusions
The optimal temperature range for the growth of indigenous microalgae was around 1530 ºC. Within this range, no significant differences were found in microalgae cultivation
performance. However, microalgae viability was significantly reduced at temperatures
over 30-35 ºC.
Sudden temperature rises favoured AOB activity within the indigenous microalgae
culture, after which the microalgae could recover when the ambient temperature fell as
the nitrification rate was reduced. However, when ambient temperatures stayed high, the
nitrifying bacteria could outcompete the microalgae, collapsing the culture.
Since nitrifiers can exhaust the ammonium in the culture, it seems essential to keep
nitrifying bacteria activity low.

E-supplementary data of this work can be found in online version of the paper.
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APPENDIX

A.

ASSESSMENT

BACTERIA

COMPETITION

OF

FOR

THE

MICROALGAE-NITRIFYING

AMMONIUM

UPTAKE

IN

LAB-

CONDITIONS

When microalgae cultivation systems are used to treat the effluent of anaerobic
membrane bioreactors (AnMBRs) (Robles et al., 2018), the ammonium competition
between microalgae and ammonium oxidising bacteria (AOB) is likely to occur
(González-Camejo et al., 2018a; Molinuevo-Salces et al., 2010). AOB are autotrophic
bacteria which oxidises ammonium to nitrite (i.e., first step of the nitrification process).
Nitrite oxidising bacteria (NOB) can in turn oxidise this nitrite to nitrate, carrying out
the second step of nitrification (Risgaard-Petersen et al., 2004; Winkler and Straka,
2019). Hence, the nitrifying bacteria (both AOB and NOB) activity is not usually
desirable in microalgae cultivation systems since they reduce the amount of ammonium
(González-Camejo et al., 2018), which is the main nitrogen source for microalgae (Eze
et al., 2018; Najm et al., 2017), therefore decreasing its recovery in the microalgae
biomass.
Since AOB activity is highly influenced by temperature (Jiménez, 2010; Weon et al.,
2004), AOB are likely to grow significantly in closed PBRs operated in warm regions
(for instance, Valencia, Spain). Hence, evaluating the affection of AOB on a mixed
microalgae culture would help to understand the role of these microorganisms in the
application of this technology for industrial purposes.

EXPERIMENTAL DESIGN, MATERIALS AND METHODS
3 lab-scale assays (i.e., A1, A2 and A3) were elaborated. Each of them was carried out
by using microalgae samples taken from PBR-B of the PBR plant (see section 2.2).
For each assay, two 8-L vertical reactors (i.e., R-A and R-B) were used. Both of them
were placed in a climatic chamber which maintained the culture in temperatures around
25-27 ºC. They were air-stirred in order to homogenise the culture and avoid biofilm
formation. CO2 was added to maintain the culture pH at a maximum set-point value of
7.5. Five LED lamps (Trilux 9w) were placed vertically around each reactor to supply a
light PAR of 125 µmol·m-2s-1 (measured at the reactor´s surface).
Both reactors were filled with 50% of substrate (i.e., AnMBR effluent, see section 2.1)
and 50% of the microalgae culture from the aforementioned PBR plant. The
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characteristics of each media; i.e., ammonium (NH4), soluble nitrogen (Ns) and volatile
suspended solids (VSS) concentration, are shown in Table A.1.

Table A.1. Characteristics of the microalgae culture and substrate of the lab assays.
Substrate
Assay

NH4

Ns

Culture
VSS

(mg N·L-1) (mg N·L-1) (mg VSS·L-1)

NH4

Ns

VSS

(mg N·L-1) (mg N·L-1) (mg VSS·L-1)

A1

46.6

56.1

< LOD*

16.9

38.5

214

A2

42.3

57.8

< LOD*

22.6

27.9

390

A3

45.7

46.9

< LOD*

0.5

21.3

413

*LOD: Limit of detection

The difference between the reactors was their allylthiourea (ATU) content. In R-A the
nitrification process was free to occur because ATU was not injected (similar to the
operation in the MPBR plant). On the contrary, ATU was added in R-B until reaching
10 mg·L-1. Consequently, AOB activity in R-B was inhibited (González-Camejo et al.,
2018a).
Ammonium (NH4), nitrite (NO2) and nitrate (NO3) were analysed according to Standard
Methods (APHA, 2005): 4500-NH3-G, 4500-NO2-B and 4500-NO3-H, respectively,
using an automatic analyser (Smartchem 200, WestcoScientific Instruments, Westco).
Soluble nitrogen (Ns) was calculated as the sum of all the nitrogen species measured;
i.e., NH4 NO2 and NO3. The volatile suspended solids (VSS) concentration was
measured according to Standard Methods (APHA, 2005): method 2540 E.
The performance of both reactors was compared in terms of nitrogen removal rate and
biomass productivity along one-day batch operation.

Data
From the evolution of the concentration of nutrients and VSS during Assays A1, A2 and
A3 (Figures A.1., A.2 and A.3, respectively), ammonium, nitrate and nitrogen recovery
rates, nitrification rate (measured as the production of nitrite and nitrate as an
approximation) and biomass productivity of both reactors were obtained (Tables A.2,
A.3 and A.4). It must be noted that negative values of slope represent consumption of
nutrients, while positive values mean production of nutrients or biomass.
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Figure A.1. Evolution of NH4 ( ), NO2 ( ), NO3 (Δ), Ns (●) and VSS (♦) concentration
during Assay A1: a) R-A; b) R-B.

Figure A.2. Evolution of NH4 ( ), NO2 ( ), NO3 (Δ), Ns (●) and VSS (♦) concentration
during Assay A2: a) R-A; b) R-B.

Figure A.3. Evolution of NH4 ( ), NO2 ( ), NO3 (Δ), Ns (●) and VSS (♦) concentration
during Assay A3: a) R-A; b) R-B.
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Table A.2. Nitrogen recovery rates, biomass production and nitrification rates obtained
in both reactors during Assay A1.
R-A

R-B

Slope

Slope

(mg·L-1·d-1)

R2

(mg·L-1·d-1)

R2

NH4

-14.6

0.982

-14.7

0.989

NO2

0.3

0.895

0.0

0.137

NO3

-1.2

0.645

-3.6

0.927

Ns

-14.2

0.986

-16.3

0.975

VSS

139

0.979

150

0.989

Table A.3. Nitrogen recovery rates, biomass production and nitrification rates obtained
in both reactors during Assay A2.
R-A

R-B

Slope

Slope

(mg·L-1·d-1)

R2

(mg·L-1·d-1)

R2

NH4

-14.2

0.974

-14.7

0.979

NO2

0.2

0.926

0.0

0.258

NO3

0.5

0.433

-2.8

0.977

Ns

-13.7

0.976

-17.4

0.981

VSS

189

0.995

189

0.992

Table A.4. Nitrogen recovery rates, biomass production and nitrification rates obtained
in both reactors during Assay A3.
R-A

R-B

Slope

Slope

(mg·L-1·d-1)

R2

(mg·L-1·d-1)

R2

NH4

-16.9

0.987

-16.8

0.987

NO2

1.1

0.929

-0.2

0.574

NO3

0.4

0.659

-1.1

0.643

Ns

-15.5

0.983

-18.1

0.989

VSS

198

0.991

218

0.996
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As expected, the nitrifying bacteria activity in the three assays in reactor R-B was
negligible since AOB were inhibited by the ATU addition. On the other hand, the AOB
activity in reactor R-A (no nitrification inhibition) accounted for 0.3, 0.7 and 1.5 mg
N·L-1·d-1 in Assays A1, A2 and A3, respectively. The soluble nitrogen recovery rates of
R-B in Assays A1, A2 and A3 were 14.8%, 27.0% and 16.8% higher than those of R-A.
Regarding biomass production, it was also higher in R-B than in R-A for Assays A1 and
A3 (7.9% and 9.9%, respectively), but similar in Assay A2 (Table A3). This data
therefore confirms that the nitrification process worsen the microalgae performance as
was suggested in previous studies at lab-scale (González-Camejo et al., 2018b) and
pilot-scale (González-Camejo et al., 2018a). However, in these previous studies,
microalgae affection was also influenced by nutrient limitation, but in these lab Assays,
nutrient did not get depleted. These results contradicts those of Rada-Ariza et al. (2017),
who did not observe any negatively affection of microalgae due to nitrification in flatpanel sequencing batch photo-bioreactors.
It must be noted that the differences in the ammonium consumption were not significant
between R-A and R-B, even during Assay A3, where nitrification rate was the highest
(Table A.4). Hence, the lower microalgae activity in R-A had to be compensated with
the AOB activity so that both R-A and R-B had similar ammonium recovery rates.
As aforementioned, ammonium is the main nitrogen source of microalgae (Eze et al.,
2018; Najm et al., 2017). In fact, some authors have stated that other nitrogen
compounds such as nitrate and nitrite are not consumed by microalgae until ammonium
is completely depleted (Jebali et al., 2018; Ramanna et al., 2014) since microalgae need
to reduce these compounds to ammonium prior to use them (Gupta et al., 2019;
Reynolds, 2006; Shoener et al., 2019). However, R-B showed nitrate recovery rates in
all the assays in spite of not being nitrogen-limited (Figures A.1, A.2, and A.3);
although they were 4.1-15.3-fold lower than their corresponding ammonium recovery
rates, which corroborated that ammonium is the preferred nitrogen source of this
culture. On the contrary, R-A displayed nitrate production in Assays A2 and A3 because
of their nitrifying bacteria activity (Tables A.3 and A.4), only obtaining a nitrate
consumption in Assay A1, where the activity of nitrifiers was the lowest (Table A.2). It
was therefore considered that the activity of AOB limits microalgae, reducing not only
the microalgae biomass production and ammonium uptake, but also the nitrate
consumption.
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