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ABSTRACT
The accuracy of a bioﬁlm reactor model depends on the extent to which physical system conditions
(particularly bulk-liquid hydrodynamics and their inﬂuence on bioﬁlm dynamics) deviate from the
ideal conditions upon which the model is based. It follows that an improved capacity to model a
bioﬁlm reactor does not necessarily rely on an improved bioﬁlm model, but does rely on an improved
mathematical description of the bioﬁlm reactor and its components. Existing bioﬁlm reactor models
typically include a one-dimensional bioﬁlm model, a process (biokinetic and stoichiometric) model,
and a continuous ﬂow stirred tank reactor (CFSTR) mass balance that [when organizing CFSTRs in
series] creates a pseudo two-dimensional (2-D) model of bulk-liquid hydrodynamics approaching plug
ﬂow. In such a bioﬁlm reactor model, the user-deﬁned bioﬁlm area is speciﬁed for each CFSTR;
thereby, Xcarrier does not exit the boundaries of the CFSTR to which they are assigned or exchange
boundaries with other CFSTRs in the series. The error introduced by this pseudo 2-D bioﬁlm reactor
modeling approach may adversely affect model results and limit model-user capacity to accurately
calibrate a model. This paper presents a new sub-model that describes the migration of Xcarrier and
associated bioﬁlms, and evaluates the impact that Xcarrier migration and axial dispersion has on
simulated system performance. Relevance of the new bioﬁlm reactor model to engineering situations
is discussed by applying it to known bioﬁlm reactor types and operational conditions.
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INTRODUCTION
One-dimensional (1-D) bioﬁlm models are accurate for
simulating bioﬁlm reactors (Morgenroth et al. ). Boltz
et al. () evaluated and summarized bioﬁlm (reactor)
models in existing wastewater treatment plant (WWTP)
simulators. Typically, existing bioﬁlm reactor models
doi: 10.2166/wst.2017.160
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include a 1-D bioﬁlm model, a biokinetic model, and a
continuous ﬂow stirred tank reactor (CFSTR) module
that (when organized in series) creates a pseudo twodimensional (2-D) model of bulk-liquid hydrodynamics
approaching plug ﬂow. In such an existing bioﬁlm reactor
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model, a user-deﬁned bioﬁlm area (AF) is speciﬁed for each
CFSTR, which is akin to the retention/isolation of freemoving submerged bioﬁlm carriers (Xcarrier) in any CFSTR
(i.e., Xcarrier does not exit the boundaries of the CFSTR to
which they are assigned, or exchange boundaries with
other CFSTRs in the series). Rittmann () deﬁned a well
operating bioﬁlm reactor with Xcarrier as having a hydrodynamic regime approaching plug ﬂow while the Xcarrier
population and associated bioﬁlms are completely mixed
despite L:W≫1 (i.e., the bioﬁlm biomass distribution is
equal throughout the reactor).
The accuracy of existing bioﬁlm reactor models is largely deﬁned by the extent to which physical system
conditions – particularly, bulk-liquid hydrodynamics and
bioﬁlm dynamics – deviate from the ideal conditions upon
which the model is based (Boltz & Daigger ). Boltz
et al. () systematically evaluated the ability of existing
bioﬁlm models to describe systems having Xcarrier while
using a common modeling platform (i.e., AQUASIM), and
assessed the identiﬁability of key model parameters. Boltz
et al. () outlined a Good Bioﬁlm Reactor Modeling Practice (GBRMP). A component of GBRMP is the calibration
protocol. Brockmann et al. () reported evidence of modeling limitations when the GBRMP was applied to a
nitrifying moving bed bioﬁlm reactor (MBBR) that deviates
from ideal completely mixed bulk-liquid hydrodynamics.
An improved capacity to model a bioﬁlm reactor does not
necessarily rely on an improved bioﬁlm model, but does
rely on an improved mathematical description of the bioﬁlm
reactor and its components. This notion is particularly relevant when considering that bioﬁlm reactors containing
Xcarrier are presently the most widely applied bioﬁlm-based
system(s) for municipal and industrial wastewater treatment.
Existing bioﬁlm reactor models, which require a userdeﬁned AF in each CFSTR, simulate bioﬁlm biomass distribution (in 1-D perpendicular to the growth medium) as a
function of substrate availability and environmental conditions in each respective CFSTR. Isolating portions of an
Xcarrier population and associated bioﬁlms in different
CFSTRs results in different simulated bioﬁlm biomass compositions in each CFSTR, which can impact the simulated
value of ﬂux of any substrate i (JF,i). This results in the
number of different bioﬁlm biomass compositions and JF,i
values for any simulated bioﬁlm reactor being deﬁned by
the number of CFSTRs in series. The error introduced by
this pseudo 2-D bioﬁlm reactor modeling approach may
adversely affect model results and limit a model user’s
capacity to accurately calibrate the model. This paper presents and evaluates a bioﬁlm reactor sub-model that
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accounts for the movement of an Xcarrier population and
associated bioﬁlms through any number of CFSTRs in
series, afﬁliated connection/recirculation stream(s), and
the bioﬁlm reactor coupled liquid-solid separation unit process. The objective of our investigation is to ascertain the
sub-model’s capacity for describing bioﬁlm reactor performance when Xcarrier is present.

MATERIALS AND METHODS
Formulating a larger, more widely functional model using a
combination of focused models, or sub-models, to describe a
unit process is commonly employed when modeling municipal and industrial wastewater treatment processes. Bioﬁlm
reactor models typically include the following sub-models:
(1) process, kinetic, and stoichiometric model (e.g., ASM3
and ASM2d); (2) pseudo-analytical, analytical, or numerical
1-D bioﬁlm model; and (3) bulk-liquid hydrodynamic model.
A bioﬁlm reactor model also typically includes user-deﬁned
streams that account for internal recirculation, biomass
wasting, and constituent introduction from external tanks
(e.g., nutrients or ﬂows from other unit processes).
This paper presents a sub-model that simulates Xcarrier
population and associated bioﬁlms’ heterogeneity throughout a bioﬁlm reactor. Accurate implementation of this
sub-model depends on the model user understanding
the difference between Xcarrier (and associated bioﬁlm)
movement and migration. Bioﬁlm reactors with Xcarrier
movement is deﬁned here as mixing conditions that result
in the even distribution of an Xcarrier population and associated bioﬁlms, throughout, whereby the AF is uniformly
exposed to substrates in the bulk liquid of a CFSTR.
Migration is deﬁned here as an Xcarrier population and
associated bioﬁlms ﬂowing through any number of
CFSTRs in series and afﬁliated connection/recirculation
stream(s) used to simulate a bioﬁlm reactor (and coupled
liquid-solid separation unit process, if applicable). Migration
of Xcarrier results in the AF being uniformly exposed to substrates in the bulk-liquid of each CFSTR through which
Xcarrier passes during the simulation speciﬁc, user-deﬁned
Xcarrier residence time in each respective CFSTR.
To further evaluate the migration of an Xcarrier population and associated bioﬁlms, the reader should consider
a rectangular (plan view) bioﬁlm reactor having L:W ≫1,
and a hydrodynamic condition that approaches ideal plug
ﬂow. The bioﬁlm reactor is coupled with a liquid-solids
separation unit process (e.g., sedimentation basin). By deﬁnition, Xcarrier can be retained in a speciﬁc bioreactor
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zone, move throughout the entire bioﬁlm reactor, or move
throughout the entire bioﬁlm reactor and its coupled
liquid-solids separation unit process. If retained in the bioﬁlm reactor (or a speciﬁc zone of the bioﬁlm reactor), the
tank is equipped with an Xcarrier retention construct (e.g.,
screens in an MBBR) or relies on gravity acting against the
Xcarrier in an upward ﬂowing liquid ﬁeld (e.g., ﬂuidized bed
bioﬁlm reactor or granule reactors). Kagawa et al. ()
presented an aerobic granule reactor model that accounts
for a mechanistic mathematical description of the bioﬁlm
coupled with a sequencing batch reactor model to evaluate
both micro- and macro-scale system observations. An Xcarrier
population and associated bioﬁlms can be classiﬁed as one
of the following four conditions or as a transient state:
1. Conﬁguration A: The bioﬁlm reactor (or zone thereof)
plan L:W  1, Xcarrier is retained in the bioﬁlm reactor,
and – provided sufﬁcient mixing energy – Xcarrier is
evenly distributed throughout the bioﬁlm reactor (or
zone thereof). The hydrodynamic regime and Xcarrier
population is completely mixed.
2. Conﬁguration B: The bioﬁlm reactor (or zone thereof)
plan L:W ≫ 1, Xcarrier is retained in the bioﬁlm reactor
(or zone thereof), and Xcarrier is evenly distributed
throughout the bioﬁlm reactor (or zone thereof) (i.e.,
Xcarrier, inlet ¼ Xcarrier, efﬂuent). The hydrodynamic regime
is plug ﬂow.
3. Conﬁguration C: The bioﬁlm reactor (or zone thereof)
plan L:W ≫ 1, Xcarrier is retained in the bioﬁlm reactor
(or zone thereof), and Xcarrier is unevenly distributed
throughout the bioﬁlm reactor (or zone thereof) (i.e.,
Xcarrier, inlet ≠ Xcarrier, efﬂuent). Hydrodynamic regime is
plug ﬂow with a large extent of axial dispersion.
4. Conﬁguration D: The bioﬁlm reactor (or zone thereof)
plan L:W ≫ 1, Xcarrier is not retained in the bioﬁlm reactor (or zone thereof), and Xcarrier is evenly distributed
throughout the bioﬁlm reactor (or zone thereof). The
hydrodynamic regime is plug ﬂow. Xcarrier migrates
throughout the secondary process (i.e., bioreactor and
liquid-solids separation unit process), and Xcarrier egress
is either with clariﬁed efﬂuent due to non-ideal liquidsolid separation, or with wasted biomass.
Sufﬁcient Xcarrier migration towards the retention construct, or point of egress, results in Xcarrier accumulation in
this location. Conﬁguration A may be accurately simulated
with existing bioﬁlm reactor models, but is applied in this
study to compare results from existing bioﬁlm reactor
models with results from an expanded bioﬁlm reactor
model that accounts for Xcarrier migration. Conﬁgurations
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B and C facilitate an evaluation of simulation results when
Xcarrier migration is constrained inside the [physical] bioﬁlm
reactor (i.e., Xcarrier moves amongst CFSTRs, but does not
enter the liquid-solids separation unit process). Conﬁguration D is simulated as a Modiﬁed Ludzack Ettinger
(MLE) process, and facilitates an evaluation of the impact
that unimpeded Xcarrier migration throughout the bioreactor
and liquid-solids separation unit process has on simulated
system performance. A return activated sludge (RAS)
stream is applied for Xcarrier accumulation since Xcarrier is
not retained in the bioreactor. Solid-state variables (i.e.,
Xcarrier and suspended growth) have the same residence
time if (1) a modeling device is not included to separate suspended growth from Xcarrier and (2) the rate of Xcarrier and
suspended growth attrition (either due to non-ideal liquidsolid separation or with wasted biomass) is equivalent.
A description of the Xcarrier migration model and related
mathematical treatments is presented as supplemental information (available with the online version of this paper).
Migration of an Xcarrier population and associated bioﬁlms
has been modeled by recirculating Xcarrier (along with the
bioﬁlm, bulk liquid, and all constituents suspended in the
bulk of the liquid). The Xcarrier recirculation stream may originate from any CFSTR (i ¼ 1, 2, …, n  1, n) and be directed
to any CFSTR in the series. Migration modeling introduces
the solid-state variable Xcarrier. Simulation of Conﬁguration
B allows Xcarrier to pass through a recirculation stream
from CFSTR_n ¼ 3 to CFSTR_n ¼ 1. Simulation of Conﬁguration C allows Xcarrier back mixing to describe axial
dispersion and allow the model user to account for an
uneven distribution of the Xcarrier population and associated
bioﬁlms along the bioreactor length. Simulation of Conﬁguration D describes Xcarrier recirculation in the RAS stream,
and no Xcarrier attrition (with wasted biomass or in the
liquid-solid separation unit process efﬂuent stream). The 1D bioﬁlm model is described by Wanner & Reichert
(). ASM3 was applied when simulating Conﬁgurations
A, B, and C; the model and parameter values described by
Henze et al. () were used unless deﬁned herein. A modiﬁed ASM2d was the biological process model applied when
simulating Conﬁguration D; the model and parameter values
described by Boltz et al. () were used unless deﬁned
herein. The simulated 1-D bioﬁlm was discretized as a
series of 10 layers, plus a mass transfer boundary layer for
modeling resistance to mass transfer external to the bioﬁlm
surface while linking the bulk liquid with the bioﬁlm. The
relevance of our proposed bioﬁlm reactor model was evaluated by application to engineering scenarios and a
comparison of model results. Dynamic simulations were
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executed using SUMO (Dynamita, Nyons, France; Kovács
et al. ) or Pro2D2 (CH2M HILL, Colorado, USA). The
WWTP simulator used allows for the conﬁguration of
elements (e.g., CFSTR module, ﬂow connector) to establish
a user-deﬁned process conﬁguration.
Model conﬁgurations
Process conﬁgurations (A–D) are presented and modeled
to analyze the impact that Xcarrier migration, distribution,
and axial dispersion have on simulated bioﬁlm reactor
performance. Process ﬂow diagrams illustrating these conﬁgurations are presented as Figure 1. Conﬁguration A is
described by three CFSTRs in series with each retaining a
user-deﬁned (equivalent) portion of the Xcarrier population
and associated bioﬁlms (Xcarrier does not migrate).
Conﬁguration B is described by three CFSTRs in series
with a single recirculation stream. The recirculation
stream transports Xcarrier and associated bioﬁlms, the
bulk liquid, and any constituents suspended in the bulk

Figure 1
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liquid from the last CFSTR (n) to the inﬂuent of the ﬁrst
CFSTR (n ¼ 1). When simulating Conﬁguration B the
Xcarrier population and associated bioﬁlms are, by deﬁnition, evenly distributed throughout the series of three
CFSTRs. There are no Xcarrier remaining in the efﬂuent
stream (i.e., Xcarrier jeff ¼ 0). Conﬁguration C is described
by three CFSTRs in series. Each CFSTR in the series
(except for n ¼ 1) has a stream recirculating a portion
of the Xcarrier population and associated bioﬁlms, the
bulk liquid, and any constituents suspended in the bulk
phase to the CFSTR immediately upstream (i.e.,
RCY
CFSTRjn1
CFSTRjn ) to account for plug ﬂow with
a large extent of axial dispersion (via back mixing). This
conﬁguration allows the model user to simulate an
uneven Xcarrier distribution throughout the bioﬁlm reactor.
Conﬁguration D is described by three CFSTRs in series followed by an ideal liquid-solids separation unit. Xcarrier
migration throughout the CFSTRs and liquid solidseparation unit is modeled with Xcarrier constraint
accounted for by ideal removal from the waste biomass

Bioﬁlm reactor hydrodynamic models: Conﬁguration A with Xcarrier constrained in each CFSTR, Conﬁguration B with Xcarrier migration through a series of n CFSTRs, Conﬁguration C
with Xcarrier migration and back-mixing, and Conﬁguration D with Xcarrier migration throughout an MLE process and coupled liquid-solid separation unit.
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and liquid-solid separation unit efﬂuent stream. The Xcarrier
population is recirculated with RAS.
Modeling the impact that Xcarrier location/migration
has on bioﬁlm reactor performance (quantiﬁed here as the
simulated JF,i) is approached differently with each process
conﬁguration. In Conﬁguration A, Xcarrier is retained in
each individual CFSTR; therefore, the AF value in each
CFSTR is input by the model user. In Conﬁguration B,
Xcarrier migrates and is uniformly distributed throughout
the series of CFSTRs (i.e., the AF value in each CFSTR is
equal and is established by the Xcarrier speciﬁc surface area
(AS [¼] m2/m3) deﬁned by the model user). In Conﬁguration
C, Xcarrier migrates and accounts for uneven AF distribution
throughout the CFSTR series; therefore, the value of AF in
each CFSTR can be modiﬁed by the model user through
manipulation of each back-mixing stream ﬂow rate. In Conﬁguration D, Xcarrier migrates throughout the CFSTR series
and liquid-solid separation unit, which allows for Xcarrier
and suspended biomass accumulation, Xcarrier is uniformly
distributed throughout the series of CFSTRs (i.e., the value
of AF is equal in each CFSTR). Each of these modeling
approaches requires a user-deﬁned AF or AS, and recirculation stream ﬂow rate (R) when appropriate.
Simulations: Conﬁgurations A, B, and C
Simulated Conﬁgurations A, B, and C consist of three
CFSTRs in series designated MBBR_1, MBBR_2, and
MBBR_3. The simulated processes are deﬁned as a tertiary
nitrifying bioﬁlm reactor according to McQuarrie & Boltz
(): BOD5:TKN  1.0 and soluble BOD5  12 g/m3
(BOD5: biochemical oxygen demand; TKN: total Kjeldahl
nitrogen). The dissolved oxygen concentration (SF, O2 ) is
rate-limiting inside the bioﬁlm compartment of each simulated CFSTR. Simulated bioﬁlm reactor inﬂuent wastewater
constituent concentrations, physical characteristics of Xcarrier,
and bioﬁlm model parameter values are listed as supplemental information. Each of the three CFSTRs has a 90 m3
volume (V ). The inﬂuent wastewater ﬂow rate is (Q¼)
3,785 m3/d, and the bulk-liquid temperature was 17 C for
each simulation. Conﬁgurations A and B were modeled
with (AF¼) 52,650 m2 in each of the three CFSTRs.
Conﬁguration B was modeled with an Xcarrier recirculation
rate set to 200% of the inﬂuent wastewater ﬂow rate (i.e.,
QRCY ¼ 2 × 3,785 m3/d ¼ 7,570 m3/d) which was adequate
for Xcarrier to approach an ideal completely mixed condition.
The total AF of (3 × 52,650 m2¼) 157,950 m2 was evenly distributed throughout the bioﬁlm reactor when simulating
Conﬁgurations A and B. The individual recirculation streams
W
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surrounding each CFSTR were adjusted when modeling Conﬁguration C. The recirculation stream ﬂow rates were
manipulated until the Xcarrier distribution resulted in AF
being 10-30-60 percentage of the total. The resulting AF in
each CFSTR (n ¼ 1, 2, and 3) of Conﬁguration C was
15,795 m2, 47,385 m2, and 94,770 m2, respectively.
Simulations: Conﬁguration D
A MLE process with a 250% internal mixed liquor recirculation ﬂow rate including a suspended growth compartment, a
bioﬁlm compartment, or combined suspended growth and
bioﬁlm compartments (i.e., integrated ﬁxed ﬁlm activated
sludge, IFAS) was simulated as Conﬁguration D. The simulated process consists of three CFSTRs in series designated
ANOXIC_1, AEROBIC_1, and AEROBIC_2. Physical
characteristics of Xcarrier and bioﬁlm model parameter
values are listed as supplemental information. The inﬂuent
wastewater ﬂow rate was (Q¼) 3,785 m3/d, and the bulkliquid temperature was 17 C for each simulation. Total bioreactor volume was 1,420 and 473 m3 for the suspended
growth and IFAS/migrating Xcarrier simulations, respectively.
The total AF was 118,250-m2, and was evenly distributed
throughout CFSTRs in series. Suspended growth solids residence time was 9.1 and 2.3 days for the suspended growth
and IFAS simulations, respectively. The mixed liquor total
suspended solids concentration (XTSS) was 2,350 and
2,280 g/m3 for the suspended growth and IFAS simulations,
respectively. Bulk-liquid dissolved oxygen concentration(s)
were set to 4 g O2/m3 in aerobic zones. Dynamic simulations
were executed using a diurnally varying inﬂuent that was
equal on a day-to-day basis, and were run for 100 days. Normalized diurnal proﬁles for ﬂow rate and pollutant loads
were applied to average day values for steady-state simulations to quantify diurnal ﬂow rate and pollutant load
proﬁles. The assumed peak hydraulic load was 140% of the
average day value (1.4 × 3,785 ¼ 5,299 m3/day), and the
assumed peak pollutant load was 170% of the average day
value. The average day inﬂuent chemical oxygen demand
(COD) concentration was 292 g/m3, and the average inﬂuent
ammonia-nitrogen concentration (SB,A¼) 30 g/m3.
W

RESULTS AND DISCUSSION
Results of modeling Conﬁgurations A and B are presented in
Figure 2. Simulated JF,A values obtained when Xcarrier is isolated in respective CFSTRs are compared with JF,A values
obtained when modeling Xcarrier migration. Isolating Xcarrier
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Comparison of ammonia-nitrogen ﬂux (JF,A) [A-1, B-1], and dissolved oxygen ﬂux (JF,O2 ) [A-2, B-2] when modeling Conﬁgurations A and B.

results in different JF,A values in each CFSTR: MBBR_1
JF,A ¼ 0.85 g/m2/d; MBBR_2 JF,A ¼ 0.75 g/m2/d; and
MBBR_3 JF,A ¼ 0.59 g/m2/d). Simulating Xcarrier migration
resulted in a nearly equivalent JF,A value in each CFSTR:
MBBR_1 – MBBR_3 JF,A ¼ 0.74 ± 0.01 g/m2/d). The simulation of Conﬁguration A resulted in an SB,A conversion of
77.5%, and simulation of Process Conﬁguration B resulted
in an SB,A conversion of 78.0%.
Simulated dissolved oxygen ﬂux (JF, O2 ) values also vary
when Xcarrier is isolated in respective CFSTRs. Figure 2 illustrates
nearly equivalent values of JF,O2 obtained when simulating
Xcarrier migration throughout Conﬁguration B. Such model
output can potentially offer signiﬁcant implications for air diffuser grid design. An air-diffuser grid designed to accommodate
Conﬁguration A would require substantial tapering while the
air-diffuser grid for Conﬁguration B would be nearly uniform.
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Another comparison facilitated by simulating Conﬁguration A and B is the impact of modeling Xcarrier migration
on the make-up and (1-D) distribution of biomass inside
the bioﬁlm. As presented in Figure 3 (A), the average
autotrophic nitrifying organism concentration inside the
bioﬁlm (XF,N) is greatest in MBBR_1 with subsequent (XF,N)
reduction in MBBR_2 and MBBR_3. Figure 3 (B) indicates
that simulating Xcarrier migration results in a nearly equivalent
(average) XF,N in each of the three CFSTRs. Simulations of
Conﬁguration C (which applies a 10-30-60 percentage distribution of AF in MBBR_1, MBBR_2, and MBBR_3,
respectively) were executed to evaluate the impact of variable
Xcarrier distribution on JF,A and JF,O2 . Figure 4 demonstrates
that JF,A and JF,O2 values are approximately equivalent in
each of the CFSTRs. While these ﬂux values remain approximately equivalent, the extent of SB,A conversion is dependent
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Figure 3

|

Comparison of simulated autotrophic nitrifying organism concentrations in the three CFSTRs described as Conﬁgurations A and B.

Figure 4

|

Comparison of ammonia-nitrogen ﬂux (JF,A) and dissolved oxygen ﬂux (JF, O2 ) when modeling Conﬁguration C.

on Xcarrier location (i.e., distribution). Figure 5 compares the
relative abundance of XF,N in each CFSTR (XF,N/AF) with
its percentage of total autotrophic nitriﬁer abundance in
CFSTR n (XF,N,CFSTR n/XF,N-TOTAL) in each CFSTR. With
Xcarrier migrating throughout the CFSTRs in series, the
value of XF,N/AF is approximately equivalent. The XF,N
abundance increases in each of the three CFSTRs, with the
greatest abundance in MBBR_3 resulting from the majority
of the AF being in MBBR_3. Under modeled conditions,
Xcarrier migration results in simulated JF,A and JF,O2
values being approximately equivalent, which – according
to Figure 5 – identiﬁes the CFSTR with greatest AF as
having the greatest percentage of total XF,N abundance.
Conﬁguration C was modeled to evaluate the impact
that uneven Xcarrier distribution has on a model-user’s
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ability to describe bioﬁlm reactor performance. This scenario may occur when an elevated approach velocity (e.g.,
due to a rapid increase in ﬂow rate resulting from peak
hydraulic loading conditions or wet-weather) ‘pushes’
Xcarrier towards the retention apparatus located at the efﬂuent discharge or point of egress. Mechanically, the model
accounts for Xcarrier migration, but this model does not
account for potential diminished oxygen transfer efﬁciency
and the resulting reduction in ammonia-nitrogen uptake
(i.e., JF,A) when a majority of Xcarrier has accumulated at
the point of egress.
The bulk liquid and its constituents are recycled with
Xcarrier when simulating migration using the method
described in this paper. A sufﬁcient recirculation rate
through the CFSTR series (which is intended to simulate
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Autotrophic nitriﬁer abundance in each CFSTR of Conﬁguration C.

plug ﬂow) approaches a completely mixed state. However, a
suitable difference exists between liquid, solids, and Xcarrier
residence times that allows a model user to account for a
homogeneous Xcarrier distribution while retaining liquid and
solid substrate gradients consistent with those observed in a
physical system. Simulations quantify the impact of recirculation on bioﬁlm biomass composition for a recirculation rate
of (R¼) 2. Reviewing Figure 3(a) indicates 50% change in
XF,N between CFSTRs designated MBBR_1 (n ¼ 1) and
MBBR_3 (n ¼ 3) without simulating Xcarrier migration. Simulation of Xcarrier migration results (Figure 3(b)) in less than 8%
change in XF,N between CFSTRs designated MBBR_1 (n ¼ 1)

Figure 6

Water Science & Technology

and MBBR_3 (n ¼ 3) for a recirculation rate of (R¼) 2. Simulation of Xcarrier migration as Conﬁguration B resulted in a
78% SB,A conversion (with a quantiﬁable reduction in SB,A
across each CFSTR in series), which indicates that
the series of (n ¼ 3) CFSTRs does not have completely
mixed contents as a result of the internal recirculation
stream ﬂow rate.
Efﬂuent diurnal SB,A proﬁles from three different simulated systems are shown in Figure 6. Systems with a
bioﬁlm compartment were impacted by the diurnal load to
a greater extent than the suspended growth systems. This
impact is an artefact of the total autotrophic nitrifying

Diurnal proﬁle of the bulk-liquid ammonia-nitrogen concentration for the suspended growth system (SB, O2 ¼ 2 g=m3 ), the IFAS system (SB, O2 ¼ 4 g=m3 ), and the migrating Xcarrier
system (SB, O2 ¼ 4 g=m3 , LF ¼ 150 μm).
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biomass in the aerobic zones, as shown in Figure 7. The
simulated suspended growth process has the highest
total mass of autotrophic nitriﬁers, followed by the IFAS

Figure 7

|

Comparison of simulated autotrophic nitriﬁer mass in the entire system (left)
with that in the aerobic CFSTRs (right). IFAS – integrated ﬁxed-ﬁlm activated
sludge; DO – dissolved oxygen; MC – mobile [bioﬁlm] carrier.

Table 1

|

Average daily efﬂuent nutrient concentrations from simulated Conﬁguration D

Conventional

Ammonia, mg NH4-N/L
Nitrate, mg NO3-N/L
Phosphate, mg PO4-P/L

Figure 8

|

IFAS

MC
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4.1

10.9

14.2

13.3

4.6

3.6
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system, and the migrating Xcarrier system. The cause of the
lower autotrophic nitriﬁer mass in the migrating Xcarrier
system is a result of the increased competition between bacterial populations within the bioﬁlm compartment. An
examination of bioﬁlm biomass in aerobic bioreactor
zones of both the IFAS and migrating Xcarrier systems
suggests a lesser autotrophic nitriﬁer concentration in the
migrating Xcarrier system (autotrophic nitriﬁer concentration
is 20% of the total biomass concentration in migrating
Xcarrier system versus 30–40% in the IFAS system bioﬁlm
compartment). This is a result of the bioﬁlm being exposed
to readily biodegradable COD driven biochemical transformation processes under anoxic and aerobic conditions,
which results in increased competition for space within
the bioﬁlm by ordinary heterotrophic organisms. Table 1
summarizes the average daily nutrient discharge concentrations for the systems simulated as Conﬁguration D.
Table 1 indicates improved nitrate-nitrogen concentration
reduction in the migrating Xcarrier system, which may be a
result of its higher ordinary heterotrophic organism
concentration.
Simulations were executed to evaluate the impact of bioﬁlm thickness (LF) on the rate of nitriﬁcation and the
performance of a migrating Xcarrier system. An examination
of Figure 8 shows a negative performance impact as LF
increases from 100 μm to 150 μm and 200 μm. A change in
LF from 100 μm to 150 μm has a minimal impact on

Impact of bioﬁlm thickness (LF) on the simulated bulk-liquid ammonia-nitrogen concentration.
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Impact of bulk-liquid dissolved oxygen concentration on the simulated
bulk-liquid ammonia-nitrogen concentration.

system performance, but additional LF increase to 200 μm
results in a marked increase in the efﬂuent ammonia-nitrogen concentration during peak diurnal loading. Simulated
mixed-culture bioﬁlms describing simultaneous nitriﬁcation and biodegradable COD transformation may
accumulate ordinary heterotrophic organisms when arbitrarily increasing LF and maintaining constant bulk-liquid
substrate concentrations. This observation results from
the mechanism for simulating biomass decay. Simulated
cell lysis – the approach implemented in ASM2d – yields
biodegradable COD with increasing ordinary heterotrophic
organism concentration. Increased pollutant loading at
diurnal peaks results in additional competition for the
rate-limiting substrate, namely dissolved oxygen, inside
the bioﬁlm. As a result autotrophic nitriﬁer activity is
reduced, and the concentration of ammonia-nitrogen
remaining in the simulated bioreactor efﬂuent stream
increases. Figure 9 illustrates the impact of varying bulkliquid dissolved oxygen concentration on the ammonianitrogen concentration remaining in the (IFAS and
migrating Xcarrier) bioreactor efﬂuent stream. An increased
bulk-liquid dissolved oxygen concentration results in a
greater driving force that allows the substrate to more
deeply penetrate the bioﬁlm, thereby sustaining additional
autotrophic nitriﬁer activity and reducing the ammonianitrogen concentration remaining in the simulated bioreactor efﬂuent.

CONCLUSIONS
A bioﬁlm reactor modeling approach accounting for
Xcarrier migration is presented and evaluated. The proposed model is aimed toward overcoming limitations
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inherent to existing bioﬁlm reactor models. Simulating
Xcarrier migration provides a model user with ﬂexibility
to account for the heterogeneity of an Xcarrier population
and associated bioﬁlms throughout a bioﬁlm reactor. The
relevance of the proposed bioﬁlm reactor model to engineering situations was evaluated by applying it to scenarios
and comparing model results. Simulation of Conﬁgurations A, B, and C demonstrates that failure to account
for physically present Xcarrier migration can result in an
inaccurate representation of bioﬁlm reactor performance
and bioﬁlm biomass distribution. Model results are consistent with the expected inﬂuence of Xcarrier migration,
but the model does not account for physical system
anomalies such as reduced oxygen transfer efﬁciency
and, therefore, reduced JF,A due to poor air ﬂow and
mixing when Xcarrier concentration exceeds any systemspeciﬁc acceptable tolerance.
Simulating Xcarrier migration through anoxic and
aerobic zones of an MLE conﬁgured bioreactor and a
coupled liquid-solids separation unit process showed
differences in process performance for IFAS and migrating
Xcarrier systems. The migrating Xcarrier bioﬁlm system
showed less simulated ammonia-nitrogen conversion
when compared to an equivalently-sized IFAS process.
Model results indicate a decrease in ammonia-nitrogen
conversion when the bioﬁlm thickness was arbitrarily
increased in a migrating Xcarrier system. Simulating varying
availability of bulk-liquid dissolved oxygen concentration
quantiﬁed its impact on ammonia-nitrogen removal in systems having a bioﬁlm compartment. Model results suggest
that a migrating Xcarrier system is a viable alternative to
IFAS. However, while model results are consistent with
the expected inﬂuence of Xcarrier migration, the model
does not account for physical system anomalies such as
the impact of recirculation pumping on bioﬁlm accumulation/detachment.
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