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Operating a semi-continuous raceway pond allows to link pH and oxygen 
dynamics to the interaction between microalgae and bacteria
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a b s t r a c t
The impact of nutrient load and hydraulic residence time (HRT) on the dynamics of a microalgae/
bacteria consortia treating different kinds of urban influents (primary settled wastewater, supernatant 
of digestate dewatering) was investigated. A 80 L raceway pond was operated for over 8 months. 
Biomass productivity was 4.1 ± 0.2 g TSS/m2/d. While treating primary settled wastewater at 4 d HRT, 
nitrogen removal efficiencies were 80.1% ± 16.7% and 47.2% ± 24.8% for total Kjeldahl (TKN) and 
total nitrogen (TN), respectively. The relatively high TN removal suggests ammonia stripping since 
the pH value was close to 9.0. When increasing nutrient load with dewatering influent, the perfor-
mances decreased. The HRT had to be increased to 8 d to recover a similar TKN removal efficiency 
(84.2% ± 9.8%) while TN removal remained negligible (1.0% ± 2.9%) due to a pH drop below 6.0. 
The time series decomposition technique was applied on dissolved oxygen (DO) and pH monitoring 
data to evaluate the dynamics of algal and bacterial processes: nitrification became the dominant 
process impacting pH and DO when the nutrient load increased. Algal photosynthesis decreased 
but slightly recovered when applying a higher HRT (8 d). Results from this study show potential 
for a fast and simple assessment of algal bacterial dynamics under different influencing factors.
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1. Introduction

Since the pioneering work of Oswald and Gotaas [1], 
algal bacterial technology in wastewater treatment has 
been increasingly studied in order to develop a sustain-
able system for wastewater treatment as well as biomass 
production [2]. The core of this technology relies on syn-
ergistic interaction between microalgae and bacteria. Via 
photosynthesis, microalgae use light energy and inorganic 
carbon for their growth and metabolism, while releasing 
dissolved oxygen in bulk water [3]. This process promotes 
aerobic bacterial activity (degradation of organic matter) 

and increases the pH of water with a hygienization effect 
towards pathogens [2]. In turn, bacterial respiration pro-
vides CO2 for microalgae, thus completing the synergistic 
cycle between them. With this technology, organic pollut-
ants can be removed effectively without extensive mechani-
cal aeration which accounts for about 50% of the total energy 
consumption of typical aerobic wastewater treatments [4]. 
Moreover, the nutrients from wastewater can be recovered 
by harvesting generated algal bacterial biomass, which can 
be used as fertilizer or as material for biofuel production [5].  
It is also indicated that by inoculating activated sludge 
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with microalgae in wastewater, the flocculation between 
microalgae and bacteria can be accelerated forming large 
algal bacterial flocs while keeping good treatment efficiency 
[6–8]. Thus, the algal bacterial biomass can be harvested 
efficiently by simple gravitational sedimentation [9].

Besides, as a result of early studies on photosynthesis in 
sewage wastewater [1], a high rate algal pond (HRAP) sys-
tem was developed. A typical HRAP is an open, raceway 
pond with shallow water. Mixing in the pond is enabled 
through paddle wheeling providing vertical and horizontal 
dispersion and hence circulating water along the channel 
[2]. Due to its enhanced mixing, HRAP allows a denser algal 
bacterial biomass to develop, supporting a higher treatment 
rate than the traditional stabilization pond, thus requiring a 
much smaller area and retention time [10]. So far, the HRAP 
system has been applied to the treatment of various types of 
wastewater with different nutrient loads ranging from nor-
mal nutrient load such as aquaculture [9] or normal domes-
tic wastewater [11] to high nutrient load such as centrate or 
piggery wastewater [12,13].

Harmonious cooperation between algae and bacteria 
is a key issue for successful HRAP operation. Numerous 
factors including nutrient loads (nitrogen and phospho-
rus), environmental (light, pH, or temperature) and opera-
tional (mixing, hydraulic retention time (HRT)) conditions 
have been identified as limiting factors of the algal bacte-
rial cooperation and thus of the performance of the system 
[15]. For instance, the competition between microalgae and 
nitrifying biomass has been shown to vary depending on 
light intensity and temperature [16]. Moreover, these factors 
generally generate dynamic variations which require a case-
to-case basis problem interpretation and process adaptation. 
However, data concerning the dynamics between algae and 
bacteria in HRAP under these effects, in particular during 
long-term operations is scarce.

In recent years, anaerobic digestion has become a pop-
ular solution for bioenergy production [17] and the use of 
its liquid effluent as a nutrient-rich source for the HRAP 
system promoting nutrient recovery and biomass pro-
duction has gained interest [18]. Obviously, this effluent is 
highly loaded with nutrients, mainly ammonium nitrogen 
and ortho-phosphate. Depending on the upstream anaer-
obic digester operation, variations in hydraulic and nutri-
ent loadings are likely to occur. Recent studies have shown 
the potential of microalgae/bacteria consortia in treating 
this sidestream effluent [19,20]. The aim of this study is to 
evaluate the performances of a pilot-scale HRAP under 
different nutrient loads and HRTs.

The HRAP was inoculated with algal bacterial biomass 
and operated over an 8-month period. HRT as well as nutri-
ent loads were varied by mixing domestic wastewater and 
centrate from anaerobic digestion.

The performance of the system was assessed in terms 
of treatment efficiency, biomass production, and recovery 
under different conditions. In order to better assess the com-
petition between microalgae and nitrifying bacteria, pH, 
and dissolved oxygen time series were statistically decom-
posed in order to extract the trends observed at different 
time-scales (photoperiod, feeding events, etc.). These data 
were correlated with system treatment efficiency, biomass 
production, and recovery.

2. Materials and methods

The pilot-scale HRAP was operated for 8 months using 
real influent wastewater as a nutrient source. First, primary 
settled wastewater was used to represent a low nutrient 
loading rate. After 135 d of operation, the primary settled 
wastewater was mixed with centrate from anaerobic diges-
tion in order to increase the nutrient load. The influence 
of HRT was then studied by increasing it from 4 to 8 d at 
day 206 of operation. Pilot HRAP operation data including 
influent and effluent wastewater, biomass, and physiochem-
ical characteristics were collected over the course of all the 
operational period.

2.1. Pilot HRAP operation

2.1.1. Wastewater and algal bacterial inoculums

Primary treated and centrate wastewaters were collected 
from Strasbourg La Wantzenau (67000, France) wastewa-
ter treatment plant (WWTP). This plant has a capacity of 
1,000,000 people equivalents (PE). Its water line consists of 
mechanical pretreatments, primary settling, activated sludge 
process with extended aeration (performing nitrification and 
denitrification). The sludge line consists of sludge mechan-
ical thickening, two mesophilic anaerobic digesters, and 
post-centrifugation.

Influents were sampled every 1 or 2 weeks and stored 
in a cooling tank (CV 420, JAPY, France) at 4°C. Centrate 
wastewater coming from an anaerobic digestion reactor 
was added to determine the impact of high nutrient load on 
HRAP performance and algal bacterial dynamics. In case of 
centrate wastewater collection, floating solids such as sludge 
and other materials were discarded before mixing with 
primary treated wastewater in the storage tank. Influent 
concentrations are presented in Table 1. The first period of 
operation (LN_4d) corresponds to reactor feeding with pri-
mary settled wastewater with relatively low concentrations 
of TKN and TP. During the two following periods (HN_4d 
and HN_8d), the reactor was fed with a mixture of primary 
settled and centrate wastewater: the COD concentration 
increased to some extent but TKN and TP concentrations 
increased much more.

The HRAP was inoculated with algal bacterial (Al-Bac) 
biomass including a mixture of microalgae and activated 
sludge (1:1 TSS ratio). These inoculums were collected 
from a local WWTP (Rosheim, France) to enhance cooper-
ation and improve biofloculation between algae and bac-
teria [8]. The biomass was then cultured in batch reactors 
prior the HRAP inoculation [8,9]. No additional inoculation 
was performed afterwards during the entire pilot opera-
tion. Microscopic observation (light microscope Olympus 
BH-2) showed that the mixture of microalgae predomi-
nantly contained Chlorella sp., Ulothrix sp., Scenedesmus sp., 
Pseudanabaenaceae sp., and Nitzschia sp. which are commonly 
found in wastewater [21].

2.1.2. Pilot description

The pilot HRAP consists of a single loop raceway pond 
with two straight channels separated by a wall and con-
nected by a 180° bend at each end. The total wet area is 
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0.72 m2. The pond has a high length-to-width ratio (L/W) of 
19, which is in the optimal range suggested by Hadiyanto 
et al. [22] for improving hydraulic efficiency. A deflector 
was also placed at each end of the channel to homogenize 
the flow and decrease shear stress and dead zones [22,23]. 
Liquid circulation in the pilot was ensured by a six-blades 
0.75m diameter paddlewheel driven by a brushed DC 
motor (DMN37K, 24V, Nidec Servo Corporation, Japan) 
which was controlled by a bench power supply (ISO-TECH 
IPS303DD, England). The pilot and paddlewheel were 
made of transparent plastic (Fig. 1).

Following the raceway reactor, the biomass was clari-
fied by a gravity settler. The settler was made of transparent 
plastic. Its wet surface was 0.055 m2 and the total volume 
was 20 L. The height of the end wall determined the water 
level in the HRAP. The inlet position was located near the 
bottom for better sedimentation [24] (Fig. 1). To minimize 

the impact of floating sludge due to denitrification in the 
settler that may negatively impact the effluent quality [25], 
a baffle was positioned right next to the end wall. Settled 
biomass was harvested via a pipe connected to a peristaltic 
pump (Masterflex L/S Economy).

2.1.3. Operational conditions

The pilot HRAP was operated indoors during 246 d 
from August 2017 to April 2018 (Table 2). The operating 
conditions were varied to investigate the impact of different 
nutrient loads and HRTs on the growth of Al-Bac biomass. 
The experimental setup is illustrated in Fig. 2.

In all the experiments, the water level was maintained 
at 0.11 m, giving 80 L of total volume. The rotating speed of 
the paddle wheel was maintained at 11.6 rpm for better mix-
ing and mass transfer, giving the mid-channel an average 

Table 1
Influent concentrations for all stages

Parameters LN_4da HN_4da HN_8da

COD (mgO2/L) 286.1 ± 102.4 339.9 ± 207.5 430.2 ± 243.8
TKN (mgN/L) 34.8 ± 16.1 123.5 ± 33.8 114.5 ± 24.4
NO3 (mgN/L) 0.2 ± 0.3 0.2 ± 0.2 0.3 ± 0.3
NO2 (mgN/L) 0.1 ± 0.1 0.2 ± 0.2 0.2 ± 0.3
NO2 (mgN/L) 2.1 ± 5.1 0.4 ± 0.3 0.4 ± 0.4
TP (mgP/L) 4.3 ± 1.3 31.4 ± 11.5 41.2 ± 14.3

aLN_4d: low nutrients load and 4 d HRT; HN_4d: high nutrients load and 4 d HRT; HN_8d: high nutrients load and 8 d HRT.

(a) (b)

Fig. 1. Side view and top view of (a) the pilot raceway pond and (b) settler.
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velocity of 0.44 m/s [26]. Illumination was provided by a 
high-power LED light (ARIAH2 HIGHBAY, ENLITE, UK) 
positioned on top of the pilot at a vertical distance of the 
water surface of 0.8 m, providing a constant light intensity of 
210 μE/s/m2 at the water surface. The light intensity applied 
was in the optimal range enhancing algal growth [4] while 
the use of LED light was suggested by [27]. A timer was con-
nected to the light source to obtain a photoperiod of 14 h 
light/10 h dark. It was chosen to favor the growth of algae 
but taking into consideration practical perspective [28].

In order to visualize pH and dissolved oxygen (DO) 
dynamics due to algal/bacterial interactions, the HRAP 
was fed discontinuously. Feeding events occurred every 
3 h, owing to a peristaltic pump (Masterflex L/S Standard 
Digital Pump System). By adjusting the pumping rate, the 
desired HRT was achieved. From day 30 of the first stage 
(Table 2), except for the hour when feeding occurred, a vol-
ume of 0.5 L from the bottom of the settler was recycled 
to the HRAP every hour. The recycling was performed by 
a peristaltic pump (Masterflex L/S Standard Digital Pump 
System, USA) controlled by a timer. This recycling strategy 

was implemented in order to increase removal efficiency 
by bioflocculation/aggregation of the algal/bacterial aggre-
gates in a similar way to sludge recirculation in the activated 
sludge process [29]. Biomass harvesting (wastage from the 
system) was performed two times per week: all thickened 
biomass at the bottom of the settler was then harvested by 
peristaltic pumping.

2.1.4. Sample collection and analytical procedures

Dissolved Oxygen (DO) (Portavo 907 Multi Oxy Knick), 
pH, and temperature (WTW pocket pH meter kits pH330) 
were measured every 5–10 min at the central point of the 
channel located downstream the paddle wheel. The probes 
were positioned 45° along the flow to avoid biomass clogging.

Influent and effluent were sampled once per week for 
the analysis of chemical oxygen demand (COD) (Nanocolor® 
COD 1500 according to [30]), total Kjeldahl nitrogen (TKN–
N) [31], ammonium nitrogen (NH4–N) (NF EN ISO 14911), 
nitrate–nitrogen (NO3–N) [32], nitrite–nitrogen (NO2–N) 
[32], and total phosphorus (TP) (Nanocolor® ortho- and total 

Table 2
Operational characteristics of different stages

Stage Name a Time Feed wastewaterb HRT (d) Study objective

1 LN_4d August–December 2017 (135 d) P 4 Long term performance
2 HN_4d December 2017–February 2018 (53 d) P + C (2v:1v) 4 High nutrient impact
3 HN_8d February–April 2018 (57d) P + C (2v:1v) 8 High HRT impact

aLN_4d: low nutrients load and 4 d HRT; HN_4d: high nutrients load and 4 d HRT; HN_8d: high nutrients load and 8 d HRT.
bP/C is primary treated/centrate wastewater and ν is volume.

Fig. 2. General illustration of HRAP experimental setup.
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phosphate 15 according to DIN EN ISO 6878-D11) [33]. Total 
nitrogen (TN) was calculated as the sum of total Kjeldahl 
nitrogen, ammonium nitrogen, nitrate–nitrogen, and nitrite–
nitrogen. Total suspended solids (TSS) [34] and chlorophyll 
a (Chl-a) [35] were analyzed in samples collected from the 
HRAP at the same frequency while chlorophyll-a in inlet 
wastewater was only measured every 2 weeks.

2.2. Data analysis

2.2.1. System performance analysis

The productivity (Eq. (1)) and solids retention time 
(SRT) (Eq. (2)) of Al-Bac biomass were calculated using 
simple mass balance equations [36]:

P V
dX
dt

Q X Q X Q X= − × + × + ×Al-Bac
in in out out harvested harvested  (1)

SRT Al-Bac

harvested harvested out out

=
×

× + ×
X V

Q X Q X
 (2)

where P is the productivity in mg TSS/d, XAl-Bac/Xin/Xout/
Xwastage are the concentrations of suspended solids (mg/L) in 
HRAP, inlet wastewater, treated effluent, and harvested bio-
mass respectively. Qin/Qout/Qwastage are the influent/effluent/
harvesting flow rates in L/d. V is the total volume of HRAP 
in L and SRT is the solids retention time of Al-Bac biomass 
in days. In SRT calculation (Eq. (2)), the influent solids 
were neglected [36].

For example, during the first week of operation, Al-Bac 
biomass concentration increased from 740 to 1,003 mg/L 
within 7 d. The inlet and outlet flowrates were both 20 L/d. 
Inlet and outlet TSS concentrations were 41 and 10 mg/L, 
respectively. No harvesting was carried out during this 
period. The numerical application of Eq. (1) yields:

P = ×
−

− × + × =80 1 003 740
7

20 41 20 10 2 385, , mg TSS/d  (3)

Treatment efficiencies were calculated daily as follows:

E
C C
C

=
−

×in out

in

%100  (4)

where E is the treatment efficiency, Cin and Cout are the 
concentrations at the influent and effluent, respectively.

2.2.2. Algal bacterial dynamics analysis

The factors influencing DO dynamics in the HRAP 
were evaluated by analyzing the recorded DO profile. 
The observed DO dynamics in the HRAP with (Eq. (5)) and 
without light (Eq. (6)) can be generally described as:

d
dt

O
OTR OUR OPRlight

light
2, = − +  (5)

d
dt

O
OTR OUR2,dark

dark= −  (6)

where oxygen transfer rate (OTR), oxygen uptake rates 
(OUR), and oxygen production rates (OPR) stand for oxy-
gen transfer, uptake, and production rates in light and dark 
conditions expressed in mg/L/d, respectively.

2.2.3. Statistical analysis

Data statistical analysis was performed using R software 
(version 3.3.1, 2016–06–21). The difference between data 
obtained from three operational stages was determined to 
evaluate the impact of the different conditions.

The comparison of two data sets started with normal 
distribution determination using the Shapiro–Wilk test and 
then the homoscedasticity evaluation by Fisher–Snedecor 
test. In case of normal distribution, either the Student t-test 
or the Welch test was applied for equal or unequal variances, 
respectively. Otherwise, the Mann–Whitney–Wilcoxon test 
was used. For multiple dataset comparison, normally dis-
tributed datasets were determined for homoscedasticity 
by the Bartlett test. Then significant differences were ana-
lyzed using the ANOVA or ANOVA-Welch correction for 
equal or unequal variances, respectively, followed by pair-
wise t-test. Otherwise, the Kruskal–Wallis test followed 
by Pairwise Wilcoxon Rank Sum Tests was used. All tests 
were applied with the threshold value of 0.05. Mean values 
were presented with standard deviations.

Moreover, to separate the impact of feeding and light/
dark cycle, time series decomposition was performed using 
the seasonal and trend decomposition using loess (STL) (stl 
function in R) [37]. The time series decomposition allowed to 
split time series data of DO and pH into three components 
series including seasonal, trend, and random (or noise). 
Seasonal data is a periodic pattern while trend data is the 
underlying trend of the series over a long period. Random 
or noise data (remainder) is the residual of the original 
time series after seasonal and trend data are removed. 
As the feeding and light/dark cycle occurred repeatedly 
during the entire operation, the decomposition technique 
applied in this study followed the additive model (time 
series = seasonal + trend + remainder). In order to perform 
decomposition, it is important to determine the size of the 
seasonality. In this study, different frequencies were applied 
depending on the recording intervals of the time series data.

3. Results and discussion

3.1. Treatment performance

The wastewater treatment performance was monitored 
by following the organic pollution (as COD) and nutrient 
(nitrogen, phosphorus) removal efficiencies. As expected, 
centrate wastewater injection during the last two stages 
(HN_4d and HN_8d) provided higher influent nutrient con-
centrations (TKN, TP) (p < 0.05) compared to the first stage 
(LN_4d) (Table 1). The influent C:N ratio (calculated follow-
ing [38]) decreased from 3.7 ± 1.9 to 1.0 ± 0.5 and 1.5 ± 0.6 
for stages LN_4d, HN_4d, and HN_8d, respectively. This 
result was in agreement with the indication that ammonium 
nitrogen and phosphorus are the main constituents in liq-
uid effluent from the anaerobic digestion system (centrate 
wastewater) [19].
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Removal rates and efficiencies in different stages are 
presented in Table 3. Throughout the experiment, COD and 
TKN removal efficiencies were at high level in comparison 
with other studies applying algal bacterial biomass [9,12,39–
41]. The high COD removal efficiency was in accordance 
with high level of DO in the reactor in all the stages (Table 4): 
indeed, DO is required by heterotrophic bacteria to oxidize 
organic matter efficiently [4].

Fig. 3 displays concentrations of Kjeldahl (TKN) nitrogen 
in the influent as well as the different nitrogen species in the 
effluent of the HRAP. It is clear from this Fig. that the fate 
of N in the raceway reactor was mainly impacted by nitrifi-
cation starting from day 50. Except for a short NO2–N peak 
between days 10 and 31, nitrification was complete as no 
significant NO2–N concentration was detected afterwards. 
However, during the first stage of reactor operation (LN_4d), 
a high loss of nitrogen occurred (total nitrogen removal yield 
of 47.2% ± 24.8%). This is comparable with other long term 
HRAP studies (Table 3). As discussed in Section 3.3.2 (Algal 
bacterial dynamics under different nutrient loads and HRTs), 

pond environment was aerobic, and denitrification was not 
likely to occur. Given the order of magnitude of this loss 
and biomass productivity, the accumulation inside biomass 
cells cannot explain this behavior. Finally, ammonia (NH3) 
volatilization most probably explains this nitrogen loss: 
indeed, the average pH in the pond during this period was 
8.4 (Table 4) and it was often above 9.2 (Fig. 6). This is close 
to the NH4

+/NH3 acid-base dissociation constant (pKa = 9.25). 
This was confirmed during the second and third phases 
with high nutrient load: pH was around 6.0 (Table 4) and the 
loss of nitrogen became insignificant.

Phosphorus can be removed by assimilation in algal or 
bacterial cells. This accounts for a small proportion of algal 
dry weight [3]. Moreover, it was indicated that the atomic 
ratio between nitrogen and phosphorus (N/P) should range 
from 10 to 30. A value outside this range is an indication 
for P or N limitation [16]. In this study, the average atomic 
N/P ratios observed in influent wastewater were 18.6 ± 7.2, 
9.2 ± 1.6, and 6.7 ± 2.5 for stages LN_4d, HN_4d, and HN_8d, 
respectively. With the favorable N/P ratio and a low level 

Table 3
Removal rates and removal efficiencies of different wastewater characteristics for all stages

Parameters LN_4da HN_4da HN_8da Literatureb

COD removal Rate (mgO2/L/d) 56.4 ± 25.8 49.2 ± 39.7 42.8 ± 29.0 15–93
Efficiency (%) 77.0 ± 11.4 49.0 ± 25.2 75.0 ± 9.7

TKN removal Rate (mgN/L/d) 8.5 ± 4.1 24.1 ± 6.7 12.3 ± 2.5 35–94
Efficiency (%) 80.1 ± 16.7 78.9 ± 9.3 84.2 ± 9.8

TN removal Rate (mgN/L/d) 4.7 ± 3.5 3.9 ± 6.1 0.2 ± 0.5 20–88
Efficiency (%) 47.2 ± 24.8 12.4 ± 16.0 1.0 ± 2.9

TP removal Rate (mgP/L/d) 0.6 ± 0.3 1.2 ± 1.3 0.2 ± 0.3 10–94
Efficiency (%) 57.7 ± 18.7 13.9 ± 13.6 4.7 ± 7.9

aLN_4d: low nutrients load and 4 d HRT; HN_4d: high nutrients load and 4 d HRT; HN_8d: high nutrients load and 8 d HRT.
bUpdated data (since 2003) of high rate algal pond operations from [9,12,39–41]. Data of COD removal and TKN removal also 
included BOD5 and ammonium nitrogen removal efficiencies, respectively.

(a) (b)

Fig. 3. Nitrogen evolution in time (a) TKN concentrations and (b) outlet N concentrations.
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of influent TP in the first stage (Table 1), high TP removal 
efficiency of 57.7% was obtained compared to annual TP 
removal of 32% reported by García et al. [42]. The high pH 
observed in this phase could also explain this phenomenon 
since precipitation becomes significant under these condi-
tions. The very low TP removal efficiency observed in the 
last stages (HN_4d and HN_8d) where pH was much lower 
also supports this assumption. Moreover, during the last 
two stages, influent N/P ratios were low, thus suggesting N 
limitation condition [16] which may contribute to the low TP 
removal efficiency.

3.2. Biomass production and recovery

Biomass productivity and recovery (harvesting effi-
ciency) were assessed by performing the suspended solids 
mass balance over the entire system. Total algal bacterial 
(Al-Bac) biomass level increased continuously from the 
first until the last stage (p < 0.05, Fig. 4). As light and tem-
perature conditions were stable throughout the experiment 
(Table 4), this result suggests the positive impact of high 

nutrient load on Al-Bac biomass growth. When the loading 
rate in stage HN_8d was decreased to obtain higher HRT, 
the SRT increased and the biomass level increased in the 
reactor (Table 4). As similar harvesting and recycling fre-
quencies were maintained during the entire operation, 
lower biomass flowing out of the reactor resulted in lower 
harvesting rate. This caused extremely high Al-Bac bio-
mass concentrations obtained in the last stage compared to 
the previous stages (Fig. 4) as well as biomass levels from 
0.1 to 0.75 g/L commonly reported for large scale HRAP 
systems [9,29,43].

Concerning algae specifically, adding digestion centrate 
showed minor impact in algal growth as Chl-a level was 
relatively stable throughout the first two stages LN_4d and 
HN_4d (p > 0.05) (Table 4). During the last stage (HN_8d), 
a higher Chl-a level would be expected. Surprisingly, a 
decrease in Chl-a level was observed, reaching a similar 
level with previous stages (p > 0.05, Fig. 4). Hence, Chl-a/
Al-Bac biomass ratio decreased from 2.6 ± 1.5 to 1.2 ± 0.5 
and 0.8 ± 0.6 mg Chl-a/g TSS for the stages LN_4d, HN_4d, 
and HN_8d, respectively. Due to the high TSS concentration, 

Table 4
Physio-chemical and biomass monitoring parameters for different stages

Stages DO  
(mgO2/L)

pH Temperature  
(°C)

Al-Bac  
(gTSS/L)

Chl-a  
(mg/L)

Harvest 
rate (g/d)

SRT (d) Recovery 
(%)

LN_4d 8.0 ± 2.4 8.4 ± 0.6 18.2 ± 2.5 1.6 ± 0.5 3.6 ± 1.6 3.8 ± 2.0a 40.9 ± 24.8a 99.1 ± 0.7
HN_4d 7.3 ± 1.8 6.7 ± 1.0 14.8 ± 1.7 2.5 ± 0.3 3.0 ± 1.1 4.3 ± 1.8 48.8 ± 19.5 98.9 ± 0.4
HN_8d 7.4 ± 1.9 5.2 ± 0.5 15.6 ± 1.4 4.0 ± 0.4 3.4 ± 2.8 2.1 ± 2.3 175.7 ± 91.3 99.6 ± 0.2

afrom day 16 until 135.

Fig. 4. Al-Bac biomass and Chl-a evolution in time.
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the shading effect probably explains this decrease as well as 
the negative impact on algal growth [44].

This behavior was confirmed by the pH decrease 
observed during the last two stages (p < 0.05) which was 
mainly due to the increase of autotrophic bacterial activity 
(nitrification), in particular during the last stage (Table 4). 
Yet the decrease in DO level (p < 0.05) was not significant. 
The small decrease in DO may be due to the high degree 
of mixing resulting in a high air-liquid oxygen mass trans-
fer rate in the reactor [26] that extensively provided DO 
supporting photosynthetic aeration. Moreover, as a high 
Al-Bac biomass level was maintained in the reactor, in 
particular during the last stage, light penetration was 
limited, leading to a reduction in algal productivity [16].

Average Al-Bac biomass productivity was 36.9 ± 1.8 g 
TSS/m3/d. This is comparable with other HRAP treatment 
systems using algal bacterial biomass (from 4 to 47 g/m3/d) 
[9]. The average Chl-a productivity was 113.3 ± 5.2 mg Chl-a/
m3/d during the operation resulting in a rough algal pro-
ductivity of 7.6 g/m3/d. These values were at a lower level 
compared to other HRAP systems using algae and waste-
water born bacteria for treatment which achieved algal 
bacterial biomass productivity of 62.8–82.3 g/m3/d and 
algal productivity of 35.8–66.4 g/m3/d [29]. However, Chl-a 
content is an indirect way to estimate algal biomass. Indeed, 
its content in algal cell varies depending on factors such 
as species and culturing conditions (wastewater compo-
sition, etc.) as well as algal bacterial interactions. Despite 
the low algal productivity, biomass recovery was more 
than 99% by simple gravity settling for the entire period 
the operational conditions applied. The result was similar 
to an earlier study on the application of HRAP inoculated 
with algae and activated sludge for wastewater treatment 
[45]. The interest of this technique to improve algal bio-
mass settleability is reconfirmed. However, more stud-
ies should be performed to improve Al-Bac biomass and 
algal production.

3.3. Impact of different nutrient loads and HRTs on 
algal bacterial dynamics

The results presented above show that the nitrification 
process is a major mechanism impacting nutrient removal 
efficiency and possibly algal productivity. Further inves-
tigation on the impact of variation in nutrient load and 
HRT on the dynamic between algae and bacteria in the 
HRAP system was conducted. Due to both discontinuous 
feedings of the pilot HRAP and photoperiod, variations 
of both pH and DO occurred at two timescales: hourly 
basis following batch feeding and daily basis following 
light/dark cycles and photosynthetic activity. The anal-
ysis of these dynamic variations potentially allows fur-
ther insight into algal and bacterial biomass activities and 
interactions. By studying the variation of DO and pH mea-
sured in time series in response to environmental changes, 
knowledge of the algal bacterial kinetic processes can be 
deduced [46]. Owing to the well-controlled condition of 
the indoor environment, constant patterns in DO and pH 
profiles were obtained during all stages. The variation in 
these patterns can be related to the changes in operational  
conditions.

3.3.1. Analysis of DO and pH time series

In the HRAP system, the oxygen level is mainly influ-
enced by illumination. With exposure to light, equilibrium 
between algal photosynthetic production and microbial 
respiration is the main factor affecting DO concentration 
within the reactor. This usually leads to a high value of DO, 
in particular when strong illumination occurs [2]. Without 
illumination, algal photosynthesis is stopped, leaving 
microbial respiration as the dominant process resulting 
in low level of oxygen in the reactor at night. In addition, 
optimal mixing was applied in this study resulting in a 
high level of air- liquid oxygen transfer in the HRAP [26]. 
Its influence on the DO level required to consider the phe-
nomena of oxygen stripping, as over saturation conditions can 
occur during the day. When DO level is lower than saturation 
value, oxygen is transferred in the liquid at a high rate [47].

Besides illumination, the feeding of fresh wastewater 
also impacts the DO level in the reactor [8]. Immediately 
after batch feeding event, the DO level in the HRAP quickly 
decreased due to acceleration in bacterial oxidation pro-
cesses (heterotrophic organic carbon oxidation and nitrifi-
cation). Then, the DO level increased again at a lower rate 
that could be attributed to photosynthetic aeration and/or 
gas–liquid mass transfer.

The pH profile displayed a similar pattern. During the 
day, the dominant process is algal photosynthesis, caus-
ing a pH increase while nitrification or microbial respira-
tion results in pH reduction at night [16]. Over the course 
of one batch, the addition of fresh influent is also fol-
lowed by a sharp pH decrease due to nitrification before a 
gradual increase until the next feeding [8].

Throughout the experiment, only one pattern was 
observed in the DO profile (top part of Fig. 5) while the 
pH pattern (top part of Figs. 6a and b) completely shifted 
after high nutrient load wastewater was introduced. Two 
types of variations occurred within the DO and pH pro-
files. The large magnitude variation occurring daily is 
attributed to the response of the system to diurnal change 
in light which is commonly the case in HRAP systems 
[9]. The small magnitude variation occurring with greater 
frequency is in accordance with the feeding pattern of 
semi-continuous operation in which new wastewater was 
fed to the HRAP every 3 h. Similar fluctuation was reported 
by Su et al. [8] when cultivating algal bacterial biomass 
with wastewater in batch reactor.

By studying these variations in different stages, the 
impact of nutrient load and HRT on algal bacterial pro-
cesses in the HRAP could be determined. However, these 
oscillations occurred simultaneously, hampering the iden-
tification of HRT and nutrient load impact on DO and pH 
fluctuations. Time decomposition technique [37] is widely 
applied to decompose the time series data into different 
components [48]. It was therefore used in this study to sepa-
rate the diurnal variations of pH and DO from those induced 
by the feeding phases.

According to this method, the obtained time series data 
can be considered as the sum of different components series 
which vary differently through time namely seasonal, trend, 
and remainder (Fig. 5) [37]. In this study, the variations due 
to feeding were repeated every 3 h (0.125 d) for the entire 
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day and this pattern was considered as “seasonal varia-
tion.” Besides, in comparison with the time scale of feeding, 
variations due to light and dark cycles occurred with a sig-
nificantly longer period, hence corresponding to the trend 
component. The last “remainder” component was the resid-
ual data (noise) after seasonal and trend series were removed 
[48]. Examples of DO and pH decomposed time series data 
are presented in Figs. 5 and 6. Decomposed seasonal data 
represents DO and pH variation due to feeding while the 
trend data is attributed to their diurnal variation.

3.3.2. Algal bacterial dynamics under different nutrient 
loads and HRTs

The DO trend data represents the difference between DO 
levels measured during day and night (Fig. 5). According to 
Eqs. (4) and (5) and knowing the OTR from a previous study 
[26], the OPR and OUR values for different periods could 
be derived (Fig. 7). It is important to notice that, although 
night time algal respiration should be considered sepa-
rately [49], constant algal respiration rate during day and 
night was commonly applied in algal bacterial kinetic model 
[50]. Hence, in this study, OUR was assumed to be constant 
during day and night. In the first stage (LN_4d), the aver-
age OPR and OUR were at the same level (p > 0.05) with val-
ues of 210.0 ± 25.5 and 222.5 ± 53.0 mgO2/L/d, respectively. 
After addition of centrate wastewater, the average OPR 
decreased to 169.2 ± 13.8 mgO2/L/d in stage HN_4d (p < 0.05) 
and then increased slightly to 191.9 ± 30.8 mgO2/L/d in the 
last stage (p > 0.05). At the same time, average OUR values 

increased to 333.9 ± 62.1 mgO2/L/d in stage HN_4d and 
318.6 ± 78.9 mgO2/L/d in stage (HN_8d) which were higher 
than OPR values in the same periods (p < 0.05).

Higher OUR levels obtained in the latter stages (HN_4d 
and HN_8d) indicate an increase of bacterial activity in the 
HRAP reactor. This result confirms that nitrifying bacteria 
growth increased significantly following the addition of 
digestion centrate: as stable COD removal rate was obtained 
for the entire operation (Table 3), similar heterotrophic bacte-
rial activities in all stages were expected while the improve-
ment of TKN removal rate indicates an enhancement in 
nitrifying bacterial activity after adding centrate wastewater. 
Hence, the OUR increase is mainly related to nitrification 
enhancement. Considering OPR, although a stable level of 
Chl-a and thus algal biomass was observed during all stages 
(Table 4), a lower OPR level in the second stage (HN_4d) 
indicates a decrease in algal photosynthesis. However, in 
the last stage (HN_8d), an OPR level in HRAP similar to the 
first stage suggests a slight increase in algal photosynthesis 
although the impact on DO level was negligible due to high 
nitrification rate.

The variance of trend and seasonal data for DO and pH 
was also analyzed (Table 5). The results obtained for OPR 
and OUR calculation were in agreement with the variation 
in DO trend data, which represents the gap between DO lev-
els during day and night. Significant lower variance of DO 
trend data belonged to the stage HN_4d while higher values 
were obtained in the other stages (LN_4d and HN_8d).

Considering DO variation due to feeding (seasonal 
data), constant variance was obtained during day and night 

Fig. 5. Example of decomposition of time series DO data (time scale in 0.125 d and DO data in mg/L).
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(Fig. 5). This suggests that OTR and OUR were the major 
factors governing DO variation due to feeding. Significant 
reduction in DO seasonal data in stages HN_4d and HN_8d 
can be attributed to the increase in nitrification which also 
increases oxygen uptake rate.

Significant changes (p < 0.05) were noticed in both trend 
and seasonal variation of pH data for all stages (Table 5). 
High algal photosynthesis with low nitrification during 
the first stage resulted in a high pH variation between 
day and night and low variation due to feeding (Table 5). 
However, the higher pH variability due to feeding and 

lower day-night pH variation confirms the dominance 
of nitrification after high nutrient load was introduced 
(stages HN_4d and HN_8d). It should be noticed that the 
decrease in pH (from values around 8.5 to around 6.0) due 
to nitrification at the beginning of the stage HN_4d was far 
exceeding the other factors. Therefore, the data shown in 
Table 5 include the variances calculated for the HN_4d stage 
without considering this transition period. This stationary 
period was therefore observed when comparing variances 
of trend and seasonal pH data in the entire second stage 
without considering transition.

(a) (b)

Fig. 6. Time decomposition of time series pH data recorded two weeks before (a) and after (b) feeding wastewater with high nutrient 
load in the HRAP (time scale in 0.125 d).

Table 5
Variances of decomposed DO (mg/L) and pH data for different stages

Variances LN_4d HN_4d HN_4d stationarya HN_8d

DO_Trend 3.40 2.55 2.17 3.18
DO_Seasonal 0.33 0.28 0.17 0.19
pH_Trend 0.368 0.817 0.012 0.068
pH_Seasonal 0.003 0.021 0.043 0.062

adata without transitional period due to microbial adaptation with new wastewater.
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4. Conclusions and perspectives

A semi-continuous pilot HRAP system inoculated 
with Al-Bac biomass was operated for over 8 months to 
investigate the impact of high nutrient load and HRT vari-
ation on the performance of the system. Wastewater treat-
ment efficiency, biomass productivity, and recovery were 
assessed. Analysis of dissolved oxygen and pH time-series 
by statistical decomposition was also performed to evaluate 
the interaction between algal and bacterial activities. The 
addition of high nutrient load favored bacterial growth, 
in particular nitrifying bacteria, but negatively impacted 
algal growth. High HRT and SRT resulted in a high con-
centration of Al-Bac biomass in the reactor. Around 99% 
of biomass recovery efficiency was achieved throughout 
the study via simple gravity settling hence reconfirm-
ing the advantage of Al-Bac biomass in enhancing settle-
ability. High nutrient load resulted in poor TN and TP 
removal efficiencies and a decrease in COD removal, yet 
high removal of TKN and NH4–N were obtained. HRT 
increase to 8 d allowed to improve COD removal: however 
minor impact was observed in the case of TKN, TN, and TP 
removals. Nitrification was identified as the main mecha-
nism in TKN and NH4–N removals of high nutrient load 
wastewater. Results from this study showed potential for 
a fast and simple assessment approach of algal bacterial 
dynamics under different influencing factors. Decomposed 
time-series data is promising for model validation in 
order to further investigate and optimize the dynamics 
between algae and bacteria in the HRAP system.
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