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Abstract

Aeration in biological nutrient removal (BNR) processes accounts for nearly half of the total 

electricity costs at many wastewater treatment plants. Even though conventional BNR processes 

are usually operated to have aerated zones with high dissolved oxygen (DO) concentrations, recent 

research has shown that nitrification can be maintained using very low-DO concentrations (e.g., 

below 0.2 mg O2/L), and therefore, it may be possible to reduce energy use and costs in BNR 

facilities by decreasing aeration. However, the effect of reduced aeration on enhanced biological 

phosphorus removal (EBPR) is not understood. In this study, we investigated, at the pilot-scale 

level, the effect of using minimal aeration on the performance of an EBPR process. Over a 16-

month operational period, we performed stepwise decreases in aeration, reaching an average DO 

concentration of 0.33 mg O2/L with stable operation and nearly 90% phosphorus removal. Under 

these low-DO conditions, nitrification efficiency was maintained, and nearly 70% of the nitrogen 

was denitrified, without the need for internal recycling of high nitrate aeration basin effluent to the 

anoxic zone. At the lowest DO conditions used, we estimate a 25% reduction in energy use for 

aeration compared to conventional BNR operation. Our improved understanding of the efficiency 

of low-DO BNR contributes to the global goal of reducing energy consumption during wastewater 

treatment operations.
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1. Introduction

Traditional high-rate biological nutrient removal (BNR) processes operate with extensive 

aeration to ensure efficient nitrification and phosphorus (P) removal. Since aeration is one of 

the most energy intensive activities at BNR facilities, accounting for 30–60% of total energy 

consumption (Appelbaum, 2002), a reduction in aeration intensity without negatively 

impacting nutrient removal is desirable.

It is well established that simultaneous nitrification and denitrification (SND) occurs in 

extended aeration processes in zones having low dissolved oxygen (DO) concentrations 

(Daigger and Littleton, 2014). For instance, oxidation ditch-type reactors have been shown 

to achieve up to 50% total nitrogen removal in sections of the process with low aeration 

(Bertanza, 1997, Park et al., 2002). Membrane bioreactors have also been efficiently 

operated with low-DO to achieve SND (Giraldo et al., 2011, Littleton et al., 2013). More 

recent operational approaches such as ammonia-based aeration control (Amand and 

Carlsson, 2012, Amand et al., 2013, Rieger et al., 2014) have also been shown to effectively 

achieve SND at low-DO.
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Recent experiments have demonstrated that achieving efficient low-DO nitrification requires 

adaptation of the microbial communities in the activated sludge. Although nitrification 

ceased when samples from a conventional activated sludge plant were transferred to low-DO 

conditions (0.2 mg O2/L), nitrification capacity of the sludge was restored after prolonged 

exposure of the culture to this low-DO environment (Fitzgerald et al., 2015). When DO was 

slowly reduced in a bench-scale system, nitrification rates were not impacted; however, the 

adaptation of nitrifying organisms to low-DO conditions was dependent on the sludge age of 

the system (Liu and Wang, 2013).

Although nitrification at low-DO has been well documented, from lab-scale to full-scale, 

studies reporting long-term enhanced biological phosphorus removal (EBPR) at low-DO are 

infrequent. Efficient operation of lab-scale EBPR systems with DO in the aerated zone 

maintained below 0.45 mg O2/L has been reported (Camejo et al., 2016, Li et al., 2008, 

Zheng et al., 2009). In addition, kinetic batch experiments suggest that polyphosphate 

accumulating organisms (PAO) have a higher affinity for oxygen than glycogen 

accumulating organisms (GAO), and therefore, that low-DO operation may favor PAO 

activity (Carvalheira et al., 2014).

In this project we studied the effect of steady reductions in aeration in a high-rate BNR pilot 

plant that simulated the University of Cape Town (UCT)-type configuration used at the Nine 

Springs Wastewater treatment plant (WWTP) (Madison, WI). The pilot plant, fed primary 

effluent from the full-scale facility and operated for a period of 16 months, initially 

simulated high aeration conditions, and then underwent stepwise decreases in aeration. We 

show that it was possible to achieve efficient nitrification and EBPR with average DO of 

0.33 mg O2/L, and that the process maintained efficient nutrient removal when aeration was 

decreased in a stepwise manner. Batch kinetic experiments of nitrification and P uptake at a 

range of DO concentrations were performed to evaluate the adaptation of the microbial 

community to minimal aeration. In addition, we assessed the succession in nitrifying and P 

removing organisms as a result of decreasing DO with 16S rRNA gene sequencing analysis.

2. Materials and methods

2.1. Continuous flow pilot-scale reactor description and operation

A continuous flow pilot-scale treatment train was seeded from the Nine Springs WWTP 

(Madison, WI) and was configured to mimic the full-scale process (Fig. 1), which operates 

as a modified UCT without internal nitrate recycle (since this plant is not required to achieve 

denitrification). The full-scale Nine Springs WWTP operates with a solids retention time 

(SRT) and a hydraulic retention time (HRT) of approximately 10 days and 17 hours (h), 

respectively. The DO in the full-scale aerobic zone reaches concentrations greater than 2.0 

mg O2/L. The operational parameters for the pilot- and full-scale plants are summarized in 

Table S1.

The anaerobic, anoxic, and aerobic portions of the pilot reactor consisted of seven tanks with 

a combined total volume of 495 gallons (1870 L). Each tank was equipped with a 

mechanical mixer. In addition, the system included a secondary clarifier with a total volume 

of 268 gallons (1010 L). Primary effluent from the full-scale WWTP was directly used as 
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influent to the pilot-scale treatment train. The influent flow rate varied in the range of 1200–

1340 gallons per day (GPD) (4.54–5.08 m3/d) and produced a hydraulic retention time of 

approximately 9–10 h. The anaerobic recycle was maintained at an equivalent flow rate to 

the influent flow, simulating the operational condition at the full-scale plant. Return 

activated sludge (RAS) was pumped to the anoxic zone at an average of 2190 GPD (8.28 

m3/d). The solids retention time (SRT) was maintained at an average of 10 ± 3.4 days by 

wasting mixed liquor from the third aerobic tank.

DO was measured in real-time using an optical probe connected to a DO controller (YSI IQ 

SensorNet FDO Optical DO sensor and YSI IQ SensorNet 182 controller, Yellow Springs, 

OH) and interfaced to a desktop computer. Data acquisition was performed using 

LABVIEW (National Instruments, Austin, TX) with DO concentrations recorded every 20 

min. Air was provided, from a tap off of the air supply to the full-scale treatment plant, 

through a fine-bubble membrane diffuser (Sanitaire Silver Series II, Brown Deer, WI) 

installed at the base of each aerobic tank. Airflow was controlled by direct-reading variable 

area flow meters (King Instrument Co, Garden Grove, CA) and set at approximately 1.5 

SCFM (43 L/min), 1.0 SCFM (28 L/min), and 0.5 SCFM (14 L/min) for the first, second, 

and third aerobic tanks, respectively. The DO meter maintained a pre-selected maximum DO 

concentration set point in one of the tanks, and air supply to all of the aerated tanks was 

controlled via a single solenoid valve.

The reactor was operated in three different phases. In the first phase (days 0–181), DO was 

maintained relatively high (i.e., average of 0.51 mg O2/L in the first tank, 0.72 mg O2/L in 

the second tank, and 1.11 mg O2/L in the third tank). Subsequently, DO concentrations in 

the aerated tanks were steadily decreased in the second operational phase (days 182–365), 

with at least 3 weeks of operation in between DO reductions. During the third operational 

phase (days 366–493), the reactor was allowed to stabilize at the lowest DO conditions 

achieved (i.e., averages of 0.23, 0.48, and 0.28 mg O2/L in the first, second, and third tank, 

respectively).

2.2. Sample preparation and analysis

Grab samples of primary effluent and pilot plant effluent were collected approximately 2–3 

times per week. Grab samples from each tank in the pilot plant were collected weekly. 

Approximately 15 mL of each sample was immediately filtered through a 0.45-μm 

membrane filter (Nitrocellulose Membrane Filters, EMD Millipore Corp., Darmstadt, 

Germany) and the filtrate stored at 4 °C until further analysis. The remaining unfiltered 

sample was used for solids measurement and DNA extraction.

Total suspended solids (TSS), volatile suspended solids (VSS), phosphate (PO4
3−), total 

ammoniacal nitrogen (TAN; NH4
+-N plus NH3-N), and Total Kjeldahl Nitrogen (TKN) were 

conducted following standard methods (Rice et al., 2012). Nitrite (NO2
−-N) and nitrate 

(NO3
−-N) were measured with high performance liquid chromatography (HPLC) using a 

Restek Ultra Aqueous C18 column (Restek Corporation, Bellefonte, PA) and detection by 

UV at 214 nm in a Shimadzu HPLC system (Shimadzu Scientific Instruments, Columbia, 

MD).
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2.3. Kinetic tests

Nitrification, denitrification, and P uptake experiments were performed in 3-L batch reactors 

using sludge from the pilot- and full-scale reactors. Activated sludge was collected from the 

anaerobic zone, stored anaerobically for 20–30 min during transport to the laboratory, and 

subsequently equilibrated to room temperature.

During ammonia oxidation and P uptake experiments, air was pumped into the reactors 

through an air bubble stone with DO monitored and controlled every 0.1 min. Targeted DO 

concentrations were between 0.1 and 4.0 mg O2/L. Measured substrate utilization rates 

during the batch experiments were normalized by the VSS concentrations. The effect of DO 

concentration was simulated using a Monod kinetic model (Monod, 1949). Air was not 

supplied during denitrification experiments. Instead, either sodium nitrite or sodium nitrate 

were added to create initial nitrite and nitrate concentrations of approximately 20 mg N/L.

2.4. Floc and microcolony size measurements

Full-scale plant and pilot plant floc and microcolony sizes were measured and compared to 

determine impacts from low-DO operation. A detailed summary of this analysis is described 

in section 3.1 of the supplementary document.

2.5. 16S ribosomal RNA gene tag sequencing

High-throughput sequencing of 16S rRNA gene fragments was used to analyze the microbial 

communities in samples from the pilot- and full-scale plants. Links to the raw sequence data 

and sample metadata described in this study can be accessed through the NCBI BioProject 

database using the accession PRJNA358610. During the 16-months of pilot plant operation, 

a total of 53 and 51 grab samples were collected from the pilot- and full-scale plants, 

respectively. Biomass sample collection began on day 120 of pilot plant operation and 

continued on a weekly basis through day 490. DNA was extracted using Power® Soil DNA 

Isolation Kit (MoBIO Laboratories, Carlsbad, CA). Extracted DNA was quantified using a 

NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and stored at −20 

°C. Barcoded PCR primers F515/R806 (Caporaso et al., 2012) were used to amplify the V4 

hypervariable region of the 16S rRNA gene. Purified amplicons were pooled in equimolar 

quantities and sequenced on an Illumina MiSeq sequencer (Illumina, San Diego, CA), using 

pair-end 250 base pair kits, at the Cincinnati Children’s Hospital DNA core facility.

Files containing paired-end reads were quality trimmed and filtered with Sickle Paired End 

(‘sickle pe’) using the Sanger fastq file quality type and default minimum length and quality 

thresholds (Joshi and Fass, 2011). The quality trimmed paired-end reads were merged with 

Fast Length Adjustment of Short Reads (FLASH) version 1.2.11 using default parameters 

(Magoc and Salzberg, 2011). Then, the merged reads were aligned, filtered, and binned into 

operational taxonomic units (OTU) with 97% identity using the standard QIIME protocol 

(Caporaso et al., 2010). USEARCH version 6.1 was used for OTU picking and chimera 

detection (Edgar, 2010). The representative sequences from each OTU were taxonomically 

classified using the MIDas-DK database (McIlroy et al., 2015).
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To identify and compare core taxa, OTUs were summarized and normalized at the genus 

level using a QIIME workflow script (i.e., ‘summarize_taxa_through_plots.py’). To analyze 

the dataset further, the OTU table along with associated metadata and representative 

sequences, were imported, stored, and subset using version 1.14.0 of the Phyloseq package 

(McMurdie and Holmes, 2013) and the R statistical framework, version 3.2.4 (R Core Team, 

2016). Comparisons of relative abundance between samples during ordination and 

dendrogram analysis were made after the dataset was rarefied to an even depth (9693 reads 

per sample) and filtered to remove low abundance OTUs (i.e., less than 3 sequences). The 

Bray-Curtis method (Bray and Curtis, 1957) was used to compute the dissimilarity matrices 

for downstream principle coordinate analysis (PCoA). PCoA ordination was calculated and 

plotted onto two axes using Phyloseq functions (e.g., ‘ordinate’ and ‘plot_ordination’). 

Analysis of similarities (ANOSIM), with 999 permutations, was used to statistically test 

whether there were significant differences between groups (full-scale, and pilot plant 

operational phases 1, 2, and 3) shown in the PCoA ordination (Clarke, 1993). Graphics were 

generated with the ggplot2 (Wickham, 2009) and gplots R packages (Warnes et al., 2016). 

Representative sequences were further classified using the Basic Local Alignment Search 

Tool (BLAST) (Johnson et al., 2008). Multiple sequence alignments were performed using 

the Geneious global alignment with free end gaps in Geneious version 9.1.2 (Kearse et al., 

2012). Consensus phylogenetic trees were produced using the Neighbor-Joining method on a 

Tamura-Nei genetic distance model with a bootstrap resampling method in Geneious 

(Kearse et al., 2012).

2.6. Energy savings calculations

Aeration energy requirements were determined for the full-scale and pilot-scale systems 

using existing data from the Nine Springs WWTP. A detailed summary of this analysis is 

described in section 3.2 of the supplementary document.

3. Results

3.1. Reactor performance during step reductions in aeration

Over all three operational phases, the influent phosphate (P) concentration was 6.5 ± 1.9 mg 

PO4
3−-P/L. Influent TKN and TAN was 38 ± 5.7 mg TKN/L and 32 ± 5.7 mg NH3-N/L, 

respectively. During the first operational phase (day 0–181, Fig. 2), average DO 

concentrations in the three aerated tanks were 0.51 ± 0.28, 0.72 ± 0.44, and 1.11 ± 0.28 mg 

O2/L, respectively. Effluent P was 0.55 ± 0.33 mg PO4
3−-P/L toward the end of this 

operational period, resulting in an average P removal efficiency of 90 ± 7%. Effluent TKN 

and TAN concentrations were 1.3 ± 0.51 mg TKN/L and 0.75 ± 0.54 mg NH3-N/L, resulting 

in removal efficiencies of 96% and 98%, respectively.

The second operational phase (days 182–365, Fig. 2) was characterized by a steady decrease 

in the DO concentrations in the three aerated tanks. P removal remained stable during this 

period of operation, with effluent concentrations of 0.30 ± 0.24 mg PO4
3−-P/L, 

corresponding to a 95 ± 3% P removal efficiency. During this phase, nitrogen removal was 

sensitive to mechanical disruptions in plant operation. For instance, at day 284, the pilot 

plant experienced an overflow event that resulted in significant loss of biomass and a 
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decrease in the nitrification efficiency for approximately 18 days (Fig. 2B). Less severe 

mechanical disruptions occurred at days 278 and 314, which were also followed by 

temporary decreases in nitrification efficiency. To accelerate the recovery of nitrification in 

the reactor after these operational upsets, biomass wasting was temporarily discontinued. 

Excluding the days where nitrification was impacted by operational failure, the TKN and 

TAN effluent concentrations were an average of 1.5 ± 0.52 mg TKN/L and 0.55 ± 0.54 mg 

NH3-N/L over this intermediate period of operation.

During the final 127 days of operation (day 366–493), a constant DO concentration was 

maintained in each of the three aerated tanks (average 0.23 ± 0.13, 0.48 ± 0.12, and 0.28 ± 

0.25 mg O2/L, respectively). P removal efficiencies were at 89 ± 9%, with effluent P 

concentrations of 0.77 ± 0.62 mg PO4
3−-P/L. TKN and TAN removal efficiencies were 

greater than 96%, with effluent concentrations at an average of 1.4 ± 0.30 mg TKN/L 

(excluding two days impacted by minor mechanical disruptions, at days 379 and 414) and 

0.13 ± 0.11 mg NH3-N/L, respectively.

3.2. Extent of simultaneous nitrification and denitrification (SND) during reactor 
operation

The total nitrogen removal efficiency was high during the operation of the reactor (70± 

10%). While influent TKN concentrations were 38 ± 5.7 mg TKN/L over all three phases of 

operation, effluent nitrate plus nitrite concentrations (nitrite below detection limit most of 

the time) were 8.6 ± 1.7 mg N/L, 8.0 ± 1.9 mg N/L, and 10 ± 1.4 mg N/L for each of the 

three operational phases, respectively. This level of nitrogen removal was consistently higher 

than observed in the full-scale plant during the same period of operation, which had an 

average monthly effluent nitrate plus nitrite concentration of 20 ± 1.4 mg N/L. The 

difference could be due to denitrification improvements in either the anoxic tank (Fig. 1) or 

in the low-DO tanks (via SND). Using the difference of TKN in the anoxic stage and total 

nitrogen in the effluent as a proxy for SND in the plant, we estimated the extent of SND 

throughout the study (Fig. 2B). This metric fluctuated widely, with sampling days in which 

minimal SND was observed (e.g., days 197 and 471–492) and days when SND was higher 

than 40% (e.g., days 212, 267 and 358). During the last operational phase, when DO was the 

lowest, the variability decreased, and SND was markedly lower than in the earlier two 

phases. Nonetheless, the total nitrogen removal, which includes SND plus denitrification in 

the anoxic tank, remained high (68± 6%) during the third operational phase.

In order to evaluate the potential contribution of denitrifying polyphosphate accumulating 

organisms (DPAO) to SND in the reactor, we performed batch tests to detect P uptake in the 

presence of nitrate or nitrite, and in the absence of oxygen (Fig. 3). Fig. 3A shows that at the 

end of the first operational phase denitrification was possible using nitrate or nitrite as 

electron acceptors. Approximately 8.8 mg N/L of nitrate and 14 mg N/L of nitrite were 

denitrified with simultaneous P uptake, at rates of 1.4 and 0.81 mg P h−1 gVSS−1, 

respectively. After stable low-DO operation (Fig. 3B), a similar extent of denitrification was 

observed when nitrate was the electron acceptor (i.e., 7.3 mg N/L denitrified), with a P 

uptake rate of 0.99 mg P h−1 gVSS−1. In contrast, denitrification decreased by a factor of 2.4 

when nitrite was the electron acceptor (i.e., 5.9 mg N/L denitrified) and no P uptake was 
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observed. For comparison, the measured P uptake rate in the pilot plant during stable low-

DO operation was 5.0 ± 1.9 mg P h−1 gVSS−1, which is approximately five times greater 

than observed in the nitrate test. Thus, the results suggest that the majority of the P removal 

in the pilot plant was not associated with DPAO, and therefore, that DPAO were not 

significant contributors to SND in the reactor.

3.3. Microbial adaptation to low-DO

The effect of DO on nitrification and P uptake was studied using batch experiments. For 

comparison, ammonia oxidation and P uptake experiments were performed with samples 

from the full-scale Nine Springs WWTP and the pilot plant during the third operational 

phase, when DO was at the lowest levels used.

The maximum specific ammonia oxidation rates were 0.11 and 0.10 mg N/mg VSS-d for the 

full-scale and pilot-scale samples, respectively, whereas the half saturation constants were 

1.38 and 0.30 mg O2/L for the full-scale and the pilot plant (Fig. 4A; Table 1). Thus, the 

adaptation of the ammonia oxidizing microbial community to low-DO in the pilot plant was 

reflected in the observed half saturation constant, which was an order of magnitude lower at 

low-DO conditions compared to full-scale operation. Additionally, in these experiments, 

ammonia was completely oxidized to nitrate, demonstrating that the nitrite oxidizing 

community was also adapted to the low-DO conditions. This is consistent with the pilot 

plant operation, where nitrite was rarely detected and nitrate was continuously produced 

throughout the three phases of operation.

A similar kinetic analysis was performed to evaluate the effect of DO on P uptake under 

various DO concentrations (Fig. 4B). Interestingly, the specific rate of P uptake in samples 

from the full-scale and pilot-scale plants did not change as a function of DO. A half 

saturation constant could only be determined for the pilot plant (KDO = 0.09 mg O2/L), 

whereas the Monod model was not adequate to represent the effect of oxygen on P uptake in 

samples from the full-scale plant. However, the maximum specific P uptake rate in samples 

from the pilot plant was roughly twice the uptake rate that of the full-scale samples (Table 

1). Thus, polyphosphate accumulating organisms (PAO) had a high affinity for oxygen in 

both plants, and adaptation to low-DO was reflected in higher uptake rates and not in higher 

oxygen affinity.

In activated sludge, floc and microcolony sizes can impact a microorganisms apparent 

affinity for substrates, such as oxygen, due to diffusion gradients (Picioreanu et al., 2016). In 

order to determine whether the observed oxygen affinity could have been influenced by 

changes in mass transfer limitations, we measured the size distribution of activated sludge 

flocs and of ammonia oxidizing bacteria (AOB) microcolonies. After reducing DO, the 

median floc and AOB microcolony sizes decreased and overall size distribution narrowed 

(Fig. 5). Median floc equivalent diameter in the full-scale and pilot-scale plant were 152 μm 

(interquartile range, IQR = 113–192 μm) and 117 μm (IQR = 87–151 μm), respectively (Fig. 

5A). Median AOB microcolony equivalent diameter in the full-scale and pilot-scale plant 

were 8.9 μm (IQR = 6.5–11.4 μm) and 5.6 μm (IQR = 4.4–7.1 μm), respectively (Fig. 5B). 

While median floc size decreased by only 20% after low-DO operation, this decrease was 

statistically significant (p < 0.0001 two tailed, Mann-Whitney U = 43,309) (Mann and 
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Whitney, 1947). Additionally, median AOB microcolony size decreased by nearly 40% in 

the low-DO pilot plant (p < 0.0001 two-tailed, Mann-Whitney U = 2464). Therefore, the 

observed higher affinity for oxygen in the pilot-scale plant may be partially explained by a 

reduction in mass transfer limitations within the flocs and the AOB microcolonies.

3.4. Microbial community composition and dynamics

Next-generation 16S rRNA sequencing was performed with samples from the pilot and full-

scale plants to gain further insight into the microbial populations responsible for nitrification 

and EBPR under low-DO conditions. A total of 2.7 million reads from 53 pilot plant 

samples and 2.2 million reads from 51 full-scale samples passed all quality checks and were 

distributed across 76,452 OTUs defined at 97% sequence identity. The core taxa (i.e., 

populations that were always present) in both plants were identified by initially binning 

OTUs into groups based on identical taxonomic assignments, which resulted in a total of 53 

phyla, 138 classes, and 1383 genera representing all OTUs. Using a mean relative abundance 

greater than 0.5% as the cut off to define abundant core taxa, 45 genera from the full-scale 

plant, representing 65% of the total reads, were considered the abundant high-DO core taxa, 

while 37 genera were categorized as the abundant low-DO core taxa, and accounted for 69% 

of the total reads from the pilot plant during the final phase of operation. Twenty-five genera 

were core taxa common to both plants. The 30 most abundant core taxa for the pilot and full-

scale plants are shown in Fig. 6.

Candidatus Accumulibacter phosphatis (Ca. Accumulibacter) was the most abundant 

organism detected in both plants (Fig. 6), with mean relative abundances of 5.9± 3.5% and 

4.5± 2.4% in the pilot- and full-scale plants, respectively. At the genus-level, although there 

was seasonal variation of Ca. Accumulibacter, with lower abundance in winter and spring 

(Fig. 7A), the low-DO of the pilot plant did not negatively impact its relative abundance 

(8.9± 2.6% and 6.7± 1.9% in pilot and full-scale). Given its high relative abundance, this 

PAO was likely responsible for most of the P removal in both plants. The genus 

Tetrasphaera, recently described as containing PAO contributing to P removal in WWTPs 

(Nguyen et al., 2011), was detected but with mean relative abundances of 0.48± 0.46% in 

full-scale and 0.14± 0.12% in the pilot plant (Fig. 7B), below the cut off criteria for core 

taxa and at least an order of magnitude lower than Ca. Accumulibacter. Moreover, GAO 

were also detected, but also at low abundance. Candidatus Competibacter, Defluviicoccus, 

and Propionivibrio were present at mean relative abundances less than 0.2%.

To further compare and evaluate the relationship of Ca. Accumulibacter among samples 

from both plants, PCoA ordination was performed (Fig. 8). When all OTUs are included, 

and samples are categorized into four groups (full-scale, and pilot plant operational phase 1, 

2 and 3), the analysis indicates that the overall microbial communities were different 

(ANOSIM P = 0.001, R = 0.83, notu = 8944) (Fig. 8A). Here, the R test statistic >0.75 

indicates that the groups are “well separated” (Ramette, 2007). In contrast, when only OTUs 

classified as Ca. Accumulibacter are used in the analysis, a scattered distribution is obtained, 

without major differentiation between sample groups (ANOSIM P = 0.002, R = 0.13, notu = 

603) (Fig. 8B). Although the p-value suggests that the differences are statistically 

significant, the R test statistic <0.25 corresponds to “barely separable” groups (Ramette, 
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2007). Further analysis of OTUs classified as Ca. Accumulibacter revealed that only two of 

these OTUs were consistently present in the two plants over the entire period of the study 

(Fig. S1). The representative sequences of these two prevalent Ca. Accumulibacter OTUs 

(i.e., denovo7 and denovo50 in Fig. S1) had 99% and 97% sequence identity to Ca. 
Accumulibacter Clade IIA str. UW-1 (Garcia Martin et al., 2006), but the 16S rRNA 

sequence information was not sufficient to further classify the OTUs into the polyphosphate 

kinase-based clades that are traditionally used for Ca. Accumulibacter classification 

(McMahon et al., 2007).

The genus Nitrosomonas was the most abundant AOB detected in both plants (Fig. 6). 

During the third phase of operation, the mean relative abundance of Nitrosomonas in the 

pilot- and full-scale plants was 1.0± 0.36% and 0.79± 0.33%, respectively. Other AOB, such 

as Nitrosomonadaceae, Nitrosospira and Nitrosococcus, as well as ammonia oxidizing 

archaea (AOA) were infrequently detected with very low relative abundance 

(Nitrosomonadaceae less than 0.03%, Nitrosospira and Nitrosococcus less than 0.001%, 

AOA less than 0.0005%) in both plants. While temporal variations of Nitrosomonas in the 

full- and pilot-scale plants were not distinguishable at the genus level (Fig. 9A), PCoA 

ordination revealed that the Nitrosomonas community in the pilot plant was similar to full-

scale at the beginning of the pilot plant operation, but diverged as the DO decreased 

(ANOSIM P = 0.001, R = 0.73, notu = 45) (Fig. 8C). Here, the R test statistic >0.5 indicates 

that the groups are “separated but overlapping” (Ramette, 2007). Further analysis of OTUs 

classified as Nitrosomonas revealed one OTU (i.e., denovo56 in Fig. S2) was dominant in 

the full-scale plant over the entire time series and in the pilot plant during the first 

operational phase, but decreased in abundance in the pilot plant as the DO was decreased 

(Fig. S2). At the lower DO, other Nitrosomonas OTUs (i.e., denovo201 and denovo166) 

became enriched (Fig. S2) in the pilot plant. A phylogenetic analysis based on the 16S 

rRNA gene sequences (Fig. 10) indicated that denovo56 shared a 99.3% sequence identity 

with Nitrosomonas sp. Nm86 (AY123798.1), denovo201 shared a 99.3% sequence identity 

with Nitrosomonas sp. JL21 (AB000700.1) and Nitrosomonas sp. Nm59 (AY123811.1), 

whereas denovo166 shared 99.6% sequence identity with N. oligotropha strain Nm45 

(NR_104820.1).

Nitrospira was the most abundant nitrite oxidizing bacteria (NOB) in the pilot plant and was 

one of the top 30 core taxa, but was not in the top 30 taxa in the full-scale plant (Fig. 6). 

During the final operational phase, the mean relative abundance of Nitrospira was 1.30± 

1.2% and 0.25± 0.17% in the pilot- and full-scale plants, respectively. In the full-scale plant, 

Nitrospira and Candidatus Nitrotoga (Ca. Nitrotoga) had alternating abundances (Fig. 9B 

and C). Ca. Nitrotoga was also detected in the pilot plant on a majority of the sampling days; 

however, this population was greater than 0.1% abundance only between days 308 and 392. 

In addition, Nitrobacter populations were not significant NOB to either plant (Fig. 9D). 

Despite the increased abundance of Nitrospira in the pilot plant, the scattered distribution of 

all high-DO and low-DO sample points in the PCoA did not reveal a diverging NOB 

population in response to changes in DO (ANOSIM P = 0.002, R = 0.18, notu = 29) (Fig. 

8D). Again, although the p-value suggests that the differences are statistically significant, the 

R test statistic <0.25 corresponds to “barely separable” groups (Ramette, 2007). One 

Nitrospira OTU (i.e. denovo17) was consistently the dominant Nitrospira in both plants (Fig. 
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S3). The 16S rRNA of this OTU had 100% sequence identity to N. defluvii (NR_074700.1) 

(Fig. S4).

3.5. Energy savings

Since an outcome of successfully operating a high-rate BNR process with minimal aeration 

is a reduction in energy, we performed an analysis of energy savings under the scenario of 

reducing DO at the Nine Springs WWTP. In this analysis, the current Nine Springs WWTP 

full-scale aeration energy usage was calculated and compared to energy usage in various DO 

scenarios.

The present-day full-scale operation uses aeration that results in averages of 0.9 mg O2/L, 

2.9 mg O2/L and 4.3 mg O2/L in the first, second, and third zones of the aerated tanks, 

respectively. The calculated aeration energy requirement to maintain these DO 

concentrations at full-scale was 12,440,000 kWh/year (Table S2), which was within 1% of 

independent calculations described in a recent energy baseline study (Schroedel Jr. and 

Wirtz, 2014).

The DO scenarios used in this study (Fig. 11) assumed one DO concentration across the 

entire aerated portion of the treatment train. If the DO were to be consistently controlled at 2 

mg O2/L, without any other changes or upgrades to the aeration system, a potential 10% 

aeration energy savings could be realized. Furthermore, if the plant were to operate with the 

lower DO conditions used in the pilot plant (e.g., maintaining an average DO concentration 

of 0.33 mg O2/L, as was the case in the third phase of operation), nearly 25% in aeration 

energy savings could be achieved. This level of energy reduction correlates with savings of 

approximately $262,000 in electricity costs per year (Table S2). This calculation assumes 

that the WWTP will maintain their current blower efficiency (63%) at the lower air flow 

rates. Additional savings could be realized from equipment upgrades, and if SND in the low-

DO tanks could be stabilized and maintained at a predictable level.

4. Discussion

Achieving energy neutral or energy positive operation of a WWTP often requires a 

combination of increasing energy production and reducing energy consumption (Kroiss and 

Cao, 2014). To increase energy production, facilities receive external organic waste to 

augment biogas generation (Gao et al., 2014, Gómez et al., 2006), use alternative sources of 

renewable energy, such as solar or wind power (Argaw, 2003, Chae and Kang, 2013), or 

redirect the majority of the wastewater organics to the anaerobic digester via enhanced 

primary settling (Jenicek et al., 2013, Remy et al., 2014, Zaborowska et al., 2016). 

Decreasing energy consumption relies on upgrading equipment to more energy efficient 

technology (Appelbaum, 2002), reducing heat losses (Chae and Kang, 2013), and 

minimizing pumping of biosolids, liquid streams, and air supplies (Hoppock and Webber, 

2008). Some of these approaches can be constrained by the treatment objectives at the 

WWTP. For instance, redirecting organics to the anaerobic digester may not be possible if 

efficient EBPR is required, as organics are needed to enrich for PAOs that efficiently 

perform the EBPR cycle.
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A number of studies have shown that decreasing air delivery into the activated sludge basin 

is an effective approach to reduce energy use, especially in plants that do not have stringent 

P removal requirements, or plants that use chemical precipitation for P removal (Amand and 

Carlsson, 2012, Zaborowska et al., 2016). However, there is a paucity of information 

regarding the performance of EBPR under reduced aeration, and more importantly, the effect 

of reduced aeration in BNR systems that require efficient and simultaneous biological 

nitrogen and P removal has only been studied at the bench-scale (Camejo et al., 2016, Zheng 

et al., 2009). Thus, to fill these knowledge gaps we used a pilot-scale system to gradually 

transform a high-rate and high-DO BNR process to high-rate and low-DO conditions. The 

pilot-scale plant received primary effluent from the adjoining full-scale plant (Nine Springs 

WWTP, Madison, WI) and experienced the same temporal variability in chemical 

composition and temperature as the full-scale plant.

During 16 months of operation, aeration was gradually reduced in the pilot plant until the 

average DO was 0.33 mg O2/L. Over this entire operational period, which included one 

winter season (Fig. 2), there was stable EBPR performance and nearly 90% P removal. In 

addition, once low-DO conditions were reached, nitrification efficiency was maintained with 

nearly 70% of the nitrogen denitrified without the need for internal recycling of sludge. 

Throughout low-DO operation, the average TKN removal efficiency was greater than 96%, 

not including days of mechanical disruption that temporarily decreased nitrification 

performance. EBPR performance was not impacted by these mechanical disruptions, and 

complete nitrification was regained by temporarily discontinuing normal wasting 

procedures.

Given the efficient performance of the pilot plant, we carried out additional experiments to 

evaluate the microbial communities enriched in the plant and to elucidate factors that make 

low-DO high-rate BNR possible. Regarding EBPR efficiency, the collective results suggest 

that there were no major changes on the PAO performing EBPR as the plant underwent the 

transition from high to low-DO. Interestingly, the kinetic experiments showed that the PAO 

present at high-DO already had high affinity for oxygen (Fig. 4), and after low-DO operation 

in the pilot plant, the observed oxygen half saturation constant for PAO (KDO = 0.09 mg 

O2/L) was remarkably low. This observed half saturation constant is nearly 70% less than 

the value determined for a Ca. Accumulibacter enrichment (KDO = 0.27 mg O2/L) 

(Carvalheira et al., 2014), and 55% less than the typical value used in activated sludge 

modeling (KDO = 0.20 mg O2/L, ASM2d) (Henze et al., 2000). Even after long-term low-

DO operation, results from the PCoA analysis (Fig. 8) did not reveal any divergence in Ca. 
Accumulibacter in the two plants and the 16S rRNA tag sequencing revealed the 

predominance of two Ca. Accumulibacter OTUs that remained dominant through the three 

operational phases (Fig. S1). The only observation that may reflect an adaptation to low-DO 

is the higher specific P uptake rate observed in the pilot plant (Fig. 4).

The possibility of denitrifying PAO (DPAO) being enriched in low-DO BNR operation has 

been proposed (Camejo et al., 2016), although the identity of Ca. Accumulibacter able to 

denitrify remains controversial (Camejo et al., 2016, Flowers et al., 2009, Kim et al., 2013, 

Oehmen et al., 2010, Zeng et al., 2003). There also remains uncertainty about the preferred 

electron acceptor, with some reports suggesting that certain DPAO can only reduce nitrite 
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(Guisasola et al., 2009, Kim et al., 2013), others suggesting that nitrate is preferentially used 

(Hu et al., 2003, Jiang et al., 2006), and more recently, that some DPAO may simultaneously 

use oxygen and oxidized forms of nitrogen as electron acceptors in low-DO conditions 

(Camejo et al., 2016). Since Camejo et al. demonstrated the greatest P uptake when nitrate 

and oxygen were simultaneously present, it is possible these PAO may have contributed to 

SND within the aerobic zone of the pilot plant (Camejo et al., 2016). However, the extent of 

SND in the pilot plant was measured, but not found to be stable (Fig. 2). Furthermore, the 

measured capacity of PAO to denitrify (Fig. 3) in the pilot plant did not support a high 

enrichment of DPAO. Overall, these results are consistent with PAOs with high affinity for 

oxygen being responsible for most of the P removal at low-DO conditions.

In regards to low-DO nitrification, the experimental results suggest a change in the AOB 

community in response to decreasing DO. The kinetic experiments showed an increase in 

observed oxygen affinity (Fig. 4). The measured increase in oxygen affinity may be 

influenced by a reduction in mass transfer limitations due to smaller flocs and smaller AOB 

microcolonies (Fig. 5), as well as the change in the predominant AOB. The PCoA analysis 

describes a diverging Nitrosomonas community (Fig. 8), and the OTU-level analysis reveals 

a transition from a dominant Nitrosomonas OTU at high-DO conditions to two other OTUs 

at low-DO (Fig. S2). The identification of Nitrosomonas as the most abundant AOB in the 

full- and pilot-scale plants is consistent with this AOB being prevalent in wastewater 

treatment even under low-DO conditions (Bellucci et al., 2011, Park and Noguera, 2004, 

Park and Noguera, 2007). In particular, the enrichment of an N. oligotropha-related OTU 

(Fig. 10) agrees with this AOB lineage having high affinity for oxygen (Bellucci et al., 2011, 

Gieseke et al., 2001, Park and Noguera, 2007). The absence of AOA, which have been 

described as important in low-DO oxidation ditch reactors (Park et al., 2006), but not found 

in low-DO enrichments from the Nine Springs WWTP (Fitzgerald et al., 2015) supports the 

hypothesis that AOA are not needed to achieve efficient low-DO nitrification in BNR 

systems (Fitzgerald et al., 2015).

With the level of resolution afforded by the 16S rRNA tag sequencing, we found no 

evidence of NOB variations as a result of low-DO (Fig. 8), since the Nitrospira abundance in 

the reactor remained relatively constant throughout the pilot plant operation. The 16S rRNA 

partial sequence of the abundant NOB OTU had 100% identity to N. defluvii. This result is 

consistent with earlier evidence that NOB related to N. defluvii are able to successfully 

perform nitrite oxidation at low-DO conditions (Park and Noguera, 2008).

Overall, these results give confidence that high-rate BNR systems can be successfully 

operated with low-DO, confirming that this approach is suitable for reducing energy 

consumption at WWTPs. We estimated that reducing DO at the Nine Springs WWTP to the 

conditions used in the pilot plant could represent an approximate 25% reduction in energy 

use without compromising effluent quality. This reduction would mostly be achieved by the 

increase in oxygen transfer efficiency from the larger DO gradient generated when 

maintaining low-DO, since we did not take into consideration the reduction in oxygen 

requirements due to improved denitrification nor any potential change in the standard 

oxygen transfer efficiency (see Supplementary Document). Further reductions in energy use 

could theoretically be accomplished by aeration equipment upgrades. Although these 
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calculations are specific to the Nine Springs WWTP, they reflect the likely scenario of many 

WWTPs with aging infrastructure that first implemented high-rate BNR decades ago. For 

such plants, retrofitting to high-rate low-DO BNR may be an attractive option that 

contributes to the quest for energy neutrality during wastewater treatment.

5. Conclusions

• Slow step-wise oxygen reductions were identified as a strategy to transition a 

conventional high-rate high-DO BNR process to high-rate low-DO BNR 

operation.

• Successful low-DO nitrification combined with low-DO P removal was 

demonstrated at the pilot-scale, with average DO concentrations as low as 0.33 

mg O2/L and average effluent TKN, TAN, and P concentrations at 1.4 ± 0.30 mg 

TKN/L, 0.13 ± 0.11 mg TAN/L, and 0.77 ± 0.62 mg PO4
3−-P/L, respectively. 

Furthermore, TKN, TAN, and P removal efficiencies at low-DO were an average 

of 96%, 99%, and 89%, respectively.

• Adaptation of nitrifiers to low-DO conditions resulted in an observed higher 

affinity for oxygen (KDO = 0.30 mg O2/L) compared to high-DO nitrification 

(KDO = 1.38 mg O2/L), which may have been attributed to a decrease in mass 

transfer limitations in the smaller floc and AOB microcolonies (Fig. 5), and a 

change in the dominant AOB population (Fig. S2).

• PAO in the high-DO full-scale plant exhibited a remarkably high affinity for 

oxygen. Adaptation of PAO to low-DO conditions was indicated through much 

higher specific rate of P uptake when compared to PAO from the full-scale plant.

• Up to an estimated 25% decrease in aeration energy requirements may be 

achieved if the full-scale plant converts from high-rate high-DO BNR to high-

rate low-DO BNR. Additional reductions could be achieved with upgrades to 

high efficiency aeration equipment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• High-rate BNR operated with low oxygen shows efficient N and P removal.

• Smaller flocs and AOB microcolonies likely reduced mass transfer 

limitations.

• AOB adaptation to low DO was reflected in a lower observed half saturation 

constant.

• PAO adaptation to low DO was reflected in higher phosphorus uptake rates.
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Figure 1. 
Continuous flow pilot-scale treatment train operated as a modified UCT process without 

nitrate recycling, simulating the configuration of the full-scale Nine Springs WWTP. The 

anaerobic (3 tanks), anoxic (1 tank), and aerobic (3 tanks) portions of the system were 

equipped with mechanical mixers. The internal recycle (QR1) returned biomass to the 

beginning of the system from the anoxic tank. Return activated sludge (QR2) was recycled 

from the bottom of the clarifier to the anoxic zone. Wasting (Qw) occurred from the last 

aerobic tank.
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Figure 2. 
Pilot plant performance during the three operational phases. (A) Dissolved oxygen (DO), 

represented as a 20-point moving average time series from the three aerobic tanks. (B) 
Effluent Total Ammoniacal Nitrogen (TAN) and percent of simultaneous nitrification and 

denitrification (SND). (C) Effluent phosphate (P). (D) Activated sludge temperature.
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Figure 3. 
Batch experiments of anoxic phosphorus uptake in the presence of nitrate or nitrite, (A) 
during high-DO operation, and (B) after stable low-DO operation.
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Figure 4. 
Comparison of specific rate of ammonia oxidation of activated sludge from the full-scale 

plant, and from the pilot-scale plant, after stable low-DO operation. Points represent 

experimental measurements of specific rates at different DO concentrations. Lines represent 

the best-fit of a Monod kinetic model to the experimental data. (B) Specific rates of 

phosphorus uptake of activated sludge from the full-scale plant and from the pilot-scale plant 

after stable low-DO operation (phase 3). Symbols represent experimental measurements of 

specific rates at different DO concentrations. A Monod kinetic model (solid line) could only 

be fitted to the data from the pilot-scale plant. A dashed line represents the average 

maximum specific rate for the full-scale plant.
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Figure 5. 
Box plots comparing (A) floc size distribution (by median), and (B) AOB microcolony size 

distribution (by median) for the full-scale plant operating with high DO concentrations and 

the pilot plant during low-DO operation. The upper and lower bounds of the boxes represent 

the 25th and 75th percentiles, the whiskers denote the 10th and 90th percentiles, the circular 

symbols are the outliers, and the plus symbol represents the mean.
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Figure 6. 
Box plots of the 30 most abundant core taxa classified at the genus level (by median) for (A) 
Pilot plant, and (B) Full-scale plant during the low-DO operational phase (phase 3). The 

names in the horizontal axis are the lowest assigned taxonomic rank. The upper and lower 

bounds of the boxes represent the 25th and 75th percentiles, the whiskers denote the 

maximum and minimum values, and the plus symbol represents the mean.
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Figure 7. 
Balloon plots representing temporal variation in relative abundance of genera known to 
perform phosphorus cycling in EBPR reactors, (A) Candidatus Accumulibacter and (B) 
Tetrasphaera. For each genus, the pilot plant is described in the upper panel and full-scale 
plant in the lower panel. Relative abundance was determined based on the entire community. 
The shaded areas in the upper panels denote the three operational phases, whereas the 
shaded areas in the lower panels indicate the meteorological seasons between days 120 and 
490 of pilot plant operation.
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Figure 8. 
Principle coordinate analysis (PCoA) ordination of next-generation sequence data 
comparing sample composition between full-scale and pilot-scale plants using Bray-Curtis 
dissimilarity matrices. Full-scale samples and pilot plant samples are represented as circles 
and triangles, respectively. The sample label represents the day of pilot plant operation that 
the sample was collected. The color gradient denotes the average DO for the pilot plant 
samples during each operational phase. (A) PCoA with all OTUs from the rarefied and 
filtered dataset considered. (B) PCoA with OTUs classified as the genera Candidatus 

Accumulibacter, and with relative abundance calculated using only the total number of reads 
in the Ca. Accumulibacter specific OTUs. (C) PCoA with relative abundance calculated 
using only the Nitrosomonas specific OTUs. (D) PCoA with relative abundance calculated 
using only the Nitrospira specific OTUs. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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Figure 9. 
Balloon plots representing temporal variation in relative abundance of bacterial genera that 
participate in nitrification, (A) Nitrosomonas, (B) Nitrospira, (C) Candidatus Nitrotoga, and 
(D) Nitrobacter. For each genus, the pilot plant is described in the upper panel and full-scale 
plant in the lower panel. Relative abundance was determined based on the entire community. 
The shaded areas in the upper panels denote the three operational phases whereas the shaded 
areas in the lower panels indicate the meteorological seasons between days 120 and 490 of 
pilot plant operation.
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Figure 10. 
Neighbor-joining consensus tree generated from an alignment of published 16S rRNA 
sequences and sequences retrieved in this study, rooting with Nitrosovibrio. Bootstrap 
values, shown at the nodes where the value was greater than 50, are based on 10,000 trials. 
The scale bar indicates a 2% sequence difference. Accession numbers are presented after the 
sequence names.
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Figure 11. 
Estimated energy use reductions at the Nine Springs WWTP for 8 different DO scenarios.
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Table 1.

Best-fit Monod kinetic parameters for ammonia oxidation and phosphorus uptake from the full-scale plant and 

from the pilot-scale plant after stable low-DO operation.

Units Sample Analyzed

Full-Scale Pilot Plant Operational Phase 3

Average VSS mg/L 930 ± 270 1640 ± 600

Ammonia Oxidation qmax mg/mgVSSday 0.11 ± 0.010 0.10 ± 0.013

KDO mg O2/L 1.38 ± 0.23 0.30 ± 0.14

R2 none 0.98 0.80

Phosphorus Uptake qmax mg/mgVSSday 0.16 ± 0.018 0.36 ± 0.058

KDO mg O2/L – 0.091 ± 0.085

R2 none – 0.32
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