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E
nhanced biological phosphorus removal
(EBPR), also known as biological phos-
phorus removal or simply bio-P, has been

practiced for decades in water resource recovery
facilities (WRRFs). The underlying principles
for EBPR are the introduction of an area devoid
of nitrates and oxygen (anaerobic zone) where
phosphate accumulating organisms (PAOs) are
conditioned by taking up volatile fatty acids
(VFAs) in lower forms (acetic and propionic
acids; Fuhs and Chen, 1975) and releasing phos-
phate as an energy source for uptake, then al-
lowing luxury phosphate uptake in the
subsequent oxic areas of the reactor. 

This original configuration was a result of
Barnard’s observations of a pilot plant at the
Daspoort WRRF in Pretoria, South Africa,
where he tested different configurations by
varying the reactor volumes, as well as changing
the recycle locations.  One of the configurations
tested was a four-stage anoxic/aerobic/
anoxic/aerobic, but in order to make a smaller
reaction volume work within the existing tank-
age used for the pilot, he introduced a baffle ad-
jacent to the second anoxic zone, where two
small holes were left to allow hydrostatic pres-
sure equalization because the baffle was a non-
water-bearing wall (Figure 1). 

As a result, a high amount of phosphate re-
moval was detected in the second anoxic zone,
which resulted in full phosphorus uptake in the
second oxic zone (ortho-P in the effluent <0.2
mg/L). Experiments were carried out in the lab-
oratory to simulate the original Daspoort pilot

plant configuration, but the dead zone dynam-
ics could not be reproduced at the laboratory
scale. Barnard then postulated that when acti-
vated sludge passed through anaerobic condi-
tions, it would stimulate PAOs to release
phosphorus and take up all released phosphates
and all phosphates in the influent upon aera-
tion, which was the basis for the development
of the EBPR processes now in use. He suggested
using the primary effluent to create those anaer-
obic conditions. 

Rethinking Original Postulations

The earlier experiments at the Daspoort
pilot plant led to the original Phoredox config-
uration (later termed A/O in the United States),
which includes an anaerobic zone as part of the
mainstream flow for conditioning PAOs. While
this concept became the standard EBPR config-
uration and has been partially successful, re-
cently researchers and practitioners in several
parts of the world started experimenting with
different EBPR configurations, and, more
specifically, placed a lot of attention on fermen-
tation processes that could supplement main-
stream EBPR when the characteristics of the
wastewater entering EBPR reactors were not op-
timal, i.e., low VFAs or readily biodegradable
chemical oxygen demand (rbCOD), improper
biochemical oxygen demand (BOD5) to total
phosphorus (TP) ratio, etc.

In 2011, the Cedar Creek WRRF in Olathe,
Kan., was expanded using a five-stage Barden-

pho configuration, with the addition of a mixed
liquor suspended solids (MLSS) fermentation
process due to the low rbCOD at the facility’s
influent.  

The fermenter supernatant (with rbCOD
and some VFA) was designed to be discharged at
the head end of the anaerobic zone to achieve
better EBPR. Soon after the facility was com-
missioned and proper biological nutrient re-
moval (BNR) performance was established with
the fermenter feeding the anaerobic zone, a se-
vere plant upset occurred and the plant lost ni-
trification. After troubleshooting the BNR
process and not finding any possible culprits
within the plant, attention was then focused on
a toxic upset from the collection system, based
on the fact that the plant exhibited a different
odor during the upset. 

A few weeks after the first episode, a second
toxic release was detected, but this time the city
quickly diverted influent to the influent equal-
ization basin to prevent a BNR upset. Most of
the toxic material was caught, but the plant still
had nitrification interference. A few days after-
ward, a third toxic release occurred and the city
was able to track down the source to the indus-
trial discharger. 

The WRRF has an annual average limit of
8 mg/L total nitrogen (TN) and 1.5 mg/L TP;
however, after all the toxic upsets, the annual av-
erage for that year was 7.95 mg/L and plant staff
was quite worried about possible future upsets
and permit compliance. In order to make up for
it, the fermentate was diverted from the anaer-
obic cell to the anoxic cell to drive more deni-
trification, while feeding ferric chloride to the
BNR train to address phosphorus removal.
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Figure 1. Pilot Plant at Daspoort Pretoria Wastewater Treatment Plant
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After these modifications were made, the plant
improved TN removal significantly and had ef-
fluent concentrations averaging less than 5 mg/L
TN, while the TP effluent concentration re-
mained less than 1 mg/L TP. 

A week or so after the new revised plant
operation was implemented, plant staff made a
very interesting discovery. The ferric chloride
line feeding the BNR basins was broken at a
plant manhole, and no ferric chloride was
reaching the BNR basin, so no chemical phos-
phorus removal was occurring. Without phos-
phorus release being detected in the anaerobic
zone of the plant (not enough influent
rbCOD/VFA to drive EBPR), the facility still
consistently achieved EBPR. The question then
was: What is happening in this facility?

Afterward, the designers of the facility
started linking the Daspoort pilot plant obser-
vations with the Cedar Creek WRRF, and real-
ized that they had one thing in common: the

absence of phosphorus release in the anaerobic
zone before an anoxic zone and the existence of
a sidestream fermenter discharging to it. This
led to the development of the theory that some-
how the fermenter was not only serving as the
source for VFA generation, but the PAOs were
also being grown and conditioned in this reac-
tor in such a way that EBPR could occur. This
configuration was termed sidestream EBPR
(SEBPR).

A literature review and data analysis in
other plants with similar configurations was
conducted to start validating the SEBPR theory.
At the Orange Water and Sewage Authority
(OWASA) in Carrboro, N.C., Kalb and Roeder
(1992) converted a trickling filter/activated
sludge plant to EBPR by using one of two pri-
mary tanks as a fermenter, and then fed the fer-
menter’s supernatant to a “nutrition”
(fermentation) zone, where it came into contact
with the return activated sludge (RAS), as
shown in Figure 2. Turbine aerators were used

in the main aeration basin, which allowed the
control of air supply independent from mixing.
Unaerated sections were formed, which resulted
in simultaneous nitrification and denitrifica-
tion. Eventually, the trickling filters were elimi-
nated and phosphorus was reduced to less than
1 mg/L.  

In subsequent research, a SEBPR process
was developed, consisting of fermentation of a
portion of the RAS (Lamb 1994), which was
pumped to a sidestream fermentation zone. Ef-
fluent from the sidestream fermentation zone
is sent back to the anaerobic zone, as the VFA
source, while all primary effluent goes to the
anoxic zone. Lamb’s process differed from the
fermentation of the RAS in the Phostrip
process in that the fermented RAS was sent to a
sidestream anaerobic zone, rather than to the
aeration basin, and there was no lime treatment
to remove surplus phosphorus. The RAS fer-
mentation process, developed by Lamb, Stroud
& Martin (2001), upgraded the South Cary,
N.C., BNR plant after it experimented with,
and finally adopted, the flow sheet shown in
Figure 3, which consisted of a conventional
four-stage Bardenpho process where all the pri-
mary effluent went to the first anoxic zone,
while some of the RAS was fermented. They
succeeded in reducing the average TN to below
3 mg/L and the effluent TP to less than 1 mg/L.

At the 100-mil-gal-per-day (mgd) Robert
W. Hite Treatment Facility (north plant) in
Denver, Colo., an existing plug-flow RAS reaer-
ation tank was retrofitted with a series of eight
slow-speed vertical entry mixers (Cavanaugh
et al., 2012; Carson 2012 ). The mixing energy
was 2 W/m3 (0.08hp/kcf), which caused little
movement of the contents near the surface, but
prevented severe stratification while ap-
proaching ideal plug-flow conditions. A third
of the RAS flow and supernatant from adjacent
gravity thickeners was discharged to this fer-
menter. 

The layout of the plant is shown in Figure
4. The effluent orthophosphates dropped from
approximately 2 mg/L to less than 0.2 mg/L
within two weeks.

Figure 4. Robert W.
Hite Wastewater
Treatment Plant
Using Existing
Basins for Return
Activated Sludge
Fermentation

Figure 2. Orange Water and Sewer Authority Flow Sheet Figure 3. Biological Nutrient Removal Plant Designed for South Cary, N.C.
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All of these examples showed that the
SEBPR theory was feasible, but more detailed
research was needed to confirm these findings.

Sidestream Enhanced 
Biological Phosphorus 
Removal Fundamentals

Nguyen et al., (2011) pointed to the possi-
bility that other PAOs may get involved and
their behavior may differ from that of the
much-researched Accumulibacter species found
primarily in conventional BNR plants. Nguyen’s
findings pointed to the existence of Tetras-
phaera bacteria in elevated levels compared with
the more standard PAO Candidatus Accu-
mulibacter, which could contribute to phospho-
rus release and stability in the EBPR process.
Stokholm-Bjerregaard et al., (2015) in a poster
presentation showed that, in 24 plants that were
studied in Denmark, the relative abundance of
Tetrasphaera, PAO (Accumulibacter), and GAO,
or glycogen accumulating organisms (Com-
petibacter+Defluviicoccus) was 8.85 percent, 0.57
percent, and 0.53 percent, respectively, further
corroborating the importance of Tetrasphaera
in SEBPR.

The most important factor determining
the abundance of Tetrasphaera could be the
availability of glucose and amino acids and the
anaerobic residence time in the reactor, where

the longer residence time will benefit fermenta-
tion. This would imply that residence under
deeper anaerobic conditions, and not when the
oxidation-reduction potential (ORP) is higher
than about 250 millivolts (mV), is critical for
proper EBPR. 

Existing EBPR process models do not ac-
curately reflect the P-removal seen in SEBPR
systems (Dunlap et al., 2014). Several different
ways to address these shortcomings have been
proposed, including multiple metabolic-based
PAOs modules, additional mechanisms to PAOs
models, or multiple culture PAOs group model.

Black & Veatch has been using the third ap-
proach for SEBPR modeling by creating a two-
PAOs model in the SUMO™ commercial
simulator, shown in Figure 5, with an ORP-
based inhibition for the second PAOs VFA up-
take and fermentation rate equations per the
function shown in Figure 7.

Table 1 shows the results obtained in the
calibration of the two-PAO model for the West-
side Regional WRRF using the two-PAO ap-
proach work described.

Figure 5. Two-Phosphate Accumulating Organisms Model

Table 1. Phosphate Accumulating Organisms Calibration Results

Figure 6. FISH
Image From
Westside Regional
Wastewater
Treatment Plant
Sludge With Electric
Upright Bass Mix
(all bacteria) Shown
in Green, Tet2-174 
(Tetrasphaera clade
2B) in Orange, and
Tet3-654 (Tooker)

Figure 7. Two-Phosphate Accumulating Organisms Anaerobic Activity Switch Function
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Practical Examples of Sidestream 
Enhanced Biological Phosphorus

Removal Configurations

Cedar Creek Water Resource Recovery Facility
The Cedar Creek WRRF is a 5.25-mgd an-

nual average daily flow (AADF)-permitted facil-
ity with a five-stage BNR process configuration.

Due to the low rbCOD of the influent, an
MLSS fermenter was initially projected to sup-
plement VFA, but it is also used to condition
PAOs in a SEBPR configuration as previously de-
scribed. The fermenter is operated to maintain
a set solids retention time (SRT) through the
management of submersible mixers.  The ORP is
monitored for proper SEBPR performance.

Figures 8 shows the MLSS fermenter layout
used at this WWRF. 

Wakarusa Wastewater Reclamation Facility
The Wakarusa WRRF, located in Lawrence,

Kan., will be rated for 2.5 mgd average annual
(AA) capacity, and will be commissioned in
2018. The BNR reactor configuration is very
similar to the Olathe layout (Figure 9), with an
MLSS fermenter with multiple discharge loca-
tions. Given the great results in Olathe, the plant
will be operated in an SEBPR mode. Figure 10 is
a 3-D rendering of the BNR basin.

Sacramento Regional and Liverpool Waste-
water Reclamation Facilities

The Sacramento (Calif.) Regional WRRF
(Regional San) treats around 140 mgd of mostly
domestic wastewater and discharges to the
Sacramento River, which flows south to the San
Francisco Bay (Barnard et al., 2014). At present,
the Regional San treats the wastewater through a
high-purity oxygen (HPO) plant with final clar-
ifiers. The future plans include constructing a
BNR plant between the existing primary sedi-
mentation tanks and final clarifiers, while keep-
ing the HPO plant operational until the BNR
plant is constructed and commissioned. The de-
sign flow for 2050 was estimated at 180 mgd. The
technology selection committee developed a
process concept, which was based on a four-stage
nitrification/denitrification plant to allow con-
trol of the effluent nitrates by acetate addition to
the second anoxic zone when necessary to meet
the monthly nitrate requirement.  

A pilot plant was operated at an average
dry weather flow of around 10 liters per second
(L/s), but with diurnal flow variations, that mir-
rored the flow pattern of the main plant. Initial
pilot studies showed that substantial chemical
addition, in the form of acetate, would be re-

Figure 10. Wakarusa 
Wastewater Reclamation 
Facility Sidestream 
Enhanced Biological 
Phosphorus Removal 

Figure 9. Olathe Water Resource Recovery Facility Biological 
Nutrient Removal Basin Plan and Fermenter

Figure 8. Cedar Creek Biological Nutrient Removal Basin 
Configuration With Mixed Liquor Suspended Solids Fermenter
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quired to comply with an effluent nitrate con-
centration of less than 10 mg/L, and additional
alkalinity was required to prevent the pH from
dropping lower than 6.5 units. Second anoxic
zones were designed as swing zones so that they
could be aerated when they were not needed to
reduce nitrates. 

Most of the influent rbCOD is currently
destroyed by chlorine, which is applied for odor
control. In the future, the chlorine will be re-
placed by nitrates through nitrification of re-
turn stream ammonia, which will still have the
effect of destroying influent rbCOD and will re-
sult in existing and future unfavorable
COD/Total Kjeldahl Nitrogen (TKN) ratios for
nitrogen and phosphorus removal. During the
period of operation with SEBPR shown in Fig-
ure 6, the ORP was measured in the mixed
liquor fermenter (MLF); most of the time, the
ORP was around -400 mV.

When the pilot plant was operated using
the four-stage Bardenpho process, the effluent
TP averaged 3.2 mg/L, which was higher than the
2.2 mg/L in the effluent of the main plant using
the HPO process. The design team selected a

five-stage Bardenpho process, which included an
anaerobic zone to act both as a selector for im-
proved sludge settling and to comply with the re-
quirement to not increase the effluent
phosphorus content when switching from the
HPO to the nitrogen removal. With insufficient
carbon for both denitrification and phosphorus
removal, fermentation of a portion of the mixed
liquor solids to augment the VFA was recom-
mended for reducing nutrients to the required
levels. In the MLF, a portion of the remaining
rbCOD, volatile solids, heterotrophic biomass,
and colloidal material was fermented to produce
additional VFA that was used to enhance bio-
logical phosphorus removal and achieve the re-
quired level of denitrification. Barnard et al.
(2011), describes the use of the MLF. 

The pilot plant was adapted to incorporate
an anaerobic zone and a sidestream fermenter.
During startup of this phase, the effluent nitrate
concentration was around 12 mg/L and the ef-
fluent phosphorus concentration exceeded 3
mg/L, as indicated in the graph in Figure 11. Ac-
etate was added to control the effluent nitrates
and phosphates, while alkalinity was added to
maintain the pH. The acetate feed was stopped

and 50 percent of the primary effluent passed to
the anoxic zone. As can be seen in Figure 11, the
effluent orthophosphorus increased to around 3
mg/L.  Mixed liquor was then pumped from the
anaerobic zone to the sidestream fermenter and
allowed to flow back; the sludge retention time in
the fermenter was around two days. The or-
thophosphates were gradually reduced to less
than 0.3 mg/L, while the nitrate concentration
was also reduced to less than 7 mg/L. 

There was little need to add acetate or alka-
linity during the period when the operation was
being directed. The sludge volume index (SVI)
was also reduced to less than 90 mL/g during this
period; previously high SVIs might have resulted
from some acetate leaking through to the reaer-
ation zone where it would encourage the growth
of filamentous organisms (Jenkins et al., 1984).
The MLF and primary effluent diversion were in-
cluded in the design of the main plant, which
could potentially save millions of dollars in
chemicals per year. At the end of this experimen-
tal period there was a power outage, which in-
creased the effluent orthophosphates (after which
it recovered), but the average orthophosphates
concentration was still well below the required
goal of 2.4 mg/L. Then, the pilot plant operation
was handed back to the previous operators.

The selected reactor configuration with
SEBPR is shown in Figure 12.

Liverpool Wastewater Reclamation Facility
The Liverpool WRRF is in Medina County,

Ohio, and has a rated plant capacity of 15 mgd.
The facility currently has an A/O configuration
with a Zimpro process for processing solids at
the plant. Given the high energy requirements of
this process, the county decided to upgrade the
WRRF through a performance contract, with the
goal of improving the liquid stream process and
replacing the Zimpro system with a thermal hy-
drolysis system, followed by mesophilic diges-
tion. Funding for the process improvements will
come from the savings generated with the new
process, which will be guaranteed by the energy
performance service contractor.

During the design of the project, it was de-
termined that the plant did not have sufficient
nitrification capacity for the future conditions;
however, through the implementation of
SEBPR, the plant was able to repurpose tankage
currently used as anaerobic fermentation zones
to nitrification/denitrification (swing zones)
and increase the plant capacity. The SEBPR will
be achieved by repurposing the existing side-
stream tank into a RAS fermenter that will be
operated to control the SRT. Phosphorus recov-
ery through the use of an Airprex system will
also help the removal of phosphorus at the
plant.

Figure 11.
Results From
Using Mixed
Liquor Fermenter
in Sacramento
Pilot Plant
(Barnard et al.,
2015)

Figure 12. Sacramento Regional Single Biological Nutrient Removal Reactor 
Sidestream Enhanced Biological Phosphorus Removal Layout
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Figure 13 shows the SEBRP modifications
at the Liverpool WRRF.

Conclusions

The SEBPR has emerged as a viable and re-
liable process sheet to achieve EBPR. It involves
conditioning the PAOs in a sidestream reactor
separated from the mainstream flow, which has
deeper anaerobic conditions than traditional
anaerobic zones in mainstream BNR processes.
This set of conditions allows the development of
a wider variety of PAOs, including Tetrasphaera,
which does not need a supply of VFA and also has
the ability to denitrify and grow under deeper
and longer anaerobic conditions. These longer
anaerobic conditions also seem to curb the
growth of GAOs, producing a microbial popula-
tion that is more robust for phosphorus removal.  

The SEBPR has several advantages, includ-
ing conditioning of the PAOs in a separate reac-
tor, which minimizes wet weather flow impacts
for EBPR, minimizes the dependence of rbCOD
in the plant’s influent for successful EBPR, and
enhances the denitrification potential of the
plant. The process is simple and operator-
friendly.

There are over 70 plants worldwide that
practice SEBPR (either intentionally or uninten-
tionally), which shows the robustness of the
process.

While SEBPR has just recently emerged as a
substitute to regular EBPR, it was through an
SEBPR configuration that the original enhanced
biological theory of anaerobic zones in the main-
stream was developed. Only recently, however,
were the original observations of the SEBPR fi-
nally understood, and its implementation should
lead to more reliable EBPR at WRRFs.
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