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a b s t r a c t

Past research on AGS (aerobic granular sludge technology) has mainly focused on macro-environment
factors, such as settling time, feeding pattern, OLR (organic loading rate), SRT (sludge retention time),
among others, and their effects on the granulation process. The biomass granulation process, however, is
significantly affected by the micro-environment surrounding these biomass aggregates. In this research,
an in silico computational approach was adopted to study the impact of the micro-environment on the
biomass granulation process. A 2-D biofilm model based on the cellular automata algorithm and
computational fluid dynamics was used to simulate the development of an individual biomass aggregate
under specific hydrodynamic and substrate availability conditions. The simulation results indicated that
shear and bulk substrate concentration combined to create the optimal conditions for aerobic granule
formation. This process can be characterized by the RT (reversed Thiele) modulus value, which is the
ratio of the maximum substrate transport over the maximum substrate reaction rate and an indicator of
substrate availability. For AGS formation, the RT value should be greater than 0.1. Many common stra-
tegies, such as the application of batch reactors, selection for slow-growing microorganism, F/M (food/
mass) ratio adjustment, feast and famine condition, and short settling time, for biomass granulation
production can be explained by the RT value. The results suggest that rethinking unit process configu-
rations in wastewater treatment facilities will be required to achieve reliable AGS formation.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Because of its many advantages, AGS (aerobic granular sludge)
technology for wastewater treatment has been the subject of
increasing research focus in the past two decades (Beun et al., 1999;
Franca et al., 2018). In AGS systems, the biomass aggregate into self-
immobilized large dense granules with sizes between 200 and
2000 mm (Beun et al., 2002), while in CAS (conventional activated
sludge), the biomass forms smaller flocs. Aerobic granules settle
faster than CAS flocs, allowing for more efficient settling, higher
treatment efficiency, and compact plant design. Moreover, the
stratified layers of aerobic, anoxic, and anaerobic conditions in the
radial direction of the granules allow for potential simultaneous
removal of organic material, nitrogen, and phosphorous (de Kreuk
et al., 2005).

While past research has revealed operational conditions asso-
ciated with granular sludge formation, the mechanisms involved in
their formation and disintegration are still not fully understood
(Nancharaiah and Reddy, 2018). Among many factors, the selective
pressure from the short settling time in SBRs (sequencing batch
reactors), hydrodynamic shear force, feeding pattern (i.e., feast-
famine cycle, anaerobic feeding), F/M (food to mass) ratio, sub-
strate type and concentration, OLR (organic loading rate), SRT
(sludge retention time), and DO (dissolved oxygen) concentration
have been considered the primary factors for granule formation
and disintegration (Nancharaiah and Reddy, 2018). In addition,
concerns with the long startup period for full-scale treatment
(Pronk et al., 2015) and long term granule stability still hinder the
wide application of AGS technology (Franca et al., 2018). Finally, the
formation of AGS primarily in SBRs has also prevented the
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Fig. 1. Model setup for simulation of biomass floc/granule formation under different
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incorporation of AGS technology in wastewater treatment as these
systems are not easily applied in continuous flow wastewater
treatment facilities (Kent et al., 2018).

Many of these factors influencing biomass granulation deal
with the macro-environment at the reactor-scale. Yet, it is the
micro-environment surrounding the single biomass aggregates
that determines the biomass granulation process, and many
mechanistic models for biomass granulation, i.e., inert nuclei
model, selection pressure model, multi-valence positive ion-
bonding model, etc., were developed on the micro-scale (Liu
et al., 2003). While the macro-environment affects the micro-
environment for the biomass aggregates, the degree to which
the macro-environment affects this micro-environment varies.
For example, the hydrodynamic shear force imposed by the same
aeration rate could cause entirely different micro-environments
for different reactor configurations. The OLR, F/M ratio, and DO
could have different effects on the substrate concentrations at the
micro-scale for biomass aggregates of different sizes, density,
viable biomass content, and growth rate.

Examining the individual micro-environment for single
biomass aggregates is very difficult to perform through laboratory
experiments. Particle image velocimetry has been attempted to
measure the flow velocity field in a fixed biofilm system (Stoodley
et al., 1994). However, there are no experimental methods to char-
acterize the flow condition around suspended growth granules. Some
specific substrate concentrations (i.e., DO, nitrite, and nitrate) within
granules were measured using microelectrodes that are mounted on
precisely controlled devices (Li and Bishop, 2004). Unfortunately, the
obtrusive nature of using microelectrodes may affect the actual
micro-environment that influence substrate transport and the local
cultivation of these biomass aggregates. Many of the factors
involved in biomass granulation are indeed interrelated. For
example, both the hydrodynamic shear force and substrate
loading rate impact the substrate transport around the surface of
the biomass aggregates (Liu and Tay, 2002). The two factors were
not easily separable.

In this research, an in silico computational approach was
adopted to study the impact of the micro-environment on the
biomass granulation process. A 2-D biofilm model based on the
cellular automata algorithm and computational fluid dynamics was
used to simulate the development of the individual biomass
aggregate under specific substrate availability and hydrodynamic
conditions. The substrate availability was included as it directly
affects the biomass growth rate. The hydrodynamic condition could
affect the transport of substrate to biomass along with the aggre-
gate solids detachment process.

The simulation tools developed in this study are expected to
assist experimental investigations and provide insight into the
biomass aggregation process at the micro-scale level. In particular,
this paper aims to answer the following research questions:

(1) What favorable micro-environments lead to the formation of
granules, i.e., how do the substrate concentration and hy-
drodynamic shear surrounding the biomass aggregates affect
the granulation process?

(2) Is there a unique combination of substrate concentration and
hydrodynamic shear that determines the biomass granula-
tion process?

(3) Can these simulations explain themain experimental results,
i.e., why biomass granulation is more prevalent in SBRs than
in continuous flow reactors?

(4) What are the possible operational strategies at the reactor
macro level to achieve a favorablemicro-environment for the
formation of AGS?
2. Model description

2.1. Model geometry and setup

A two-dimensional FEM (finite element model) that includes
biomass aggregate formation (growth), liquid flow, soluble sub-
strate transport (both convective and diffusive), biodegradation,
and detachment was developed. A singular biomass aggregate was
tracked in a rectangular flow field with a width and height of
20 mm and 15 mm, respectively (Fig. 1). The left and right edges of
this flow fieldwere defined as the inlet and outlet as shown in Fig.1.
The inlet liquid velocities were varied to study the effect of shear on
biomass aggregation. Shear forces produced from varying the inlet
liquid velocities ranged between 0 and 250 s�1. The top and bottom
edges of the flow domain were defined as symmetrical boundaries
to minimize the impact of rectangle height on the simulation re-
sults. The simulated biomass aggregate was composed of multiple
10 � 10 mm computational cells. A sensitivity analysis of the
computational cell size was performed to confirm that the
computational cell size has no significant impact on the simulation
results in terms of the granule and floc morphology, i.e., circularity
(results shown in the Supplementary Information (SI), Figs. S1 and
S2). The size and shape of the biomass aggregate were developed
from the total number and the position of these cells, which were
determined through the cellular automata algorithms for biomass
development described in Section 2.4. The biomass aggregate was
allowed to rotate in the flow field at 15�increments in each simu-
lation interval to imitate the potential movement of biomass ag-
gregates in the flow field.

The biomass aggregate was surrounded by a CBL (concentration
boundary layer) and a HBL (hydraulic boundary layer) as suggested
by Bishop et al. (1997). A schematic representation of the CBL and
HBL is shown in Fig. S3. The CBL is a region above the biomass
aggregatewhere the flow is assumed stagnant. The HBL is a region in
which the flow velocity reduces from the free-streamvelocity to zero
at the top of CBL. The border of the CBL was defined by a circle
located at the centroid of the biomass aggregate. The radius of the
CBL circle is the sum of the radius of the minimum bounding circle
for the biomass aggregate and the CBL thickness. The HBL circle was
the concentric circle of the CBL and had a radius that is the sum of
CBL radius and HBL thickness. According to experimental results
fromBishop et al. (1997), the thickness of the CBL (in mm) depends on
the flow velocity (m/s) (Eq. (1)) while the thickness of the HBL equals
4.8 mm, which was not affected by the biofilm roughness and only
slightly influenced at different flow velocities (Bishop et al., 1997).

LC ¼200þ 800e�200V (1)
shear and substrate conditions.
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Four distinct regions: bulk liquid, HBL, CBL and biomass aggre-
gates, were modeled with different governing equations described
in Section 2.3. The bulk liquid was the area outside the HBL. The
mass transfer in the HBL was simulated by including advection and
diffusion. Since the flow in the CBL is stagnant, the mass transfer in
the CBL was simulated by diffusion alone. The substrate concen-
tration inside the biomass aggregates was simulated by diffusion
and reaction (i.e., convective transport was not included (Wanner
and Morgenroth, 2004)).
2.2. Hydraulic modeling

The water flow in the bulk liquid and HBL was simulated using
the NaviereStokes equations assuming laminar flow. The
maximum inlet velocity was set to 0.05 m/s. The maximum Re
(Reynolds number) was 500 (assuming a water density ¼ 1000 kg/
m3, dynamic viscosity ¼ 0.001 Pa-S and water flow
height ¼ 10 mm). The inlet velocity varied between 0 and 0.05 m/s,
which produced an average shear rate in the vicinity of a 0.5 mm
diameter granule between 0 and 250 s�1. Fig. S4(a) in the SI displays
the distribution of shear rate around the 0.5 mm granule with an
inlet velocity of 0.05 m/s. Fig. S4(b) shows the correlation between
the inlet velocity and the average shear rate. A no-slip boundary
condition was defined for the biomass aggregate surface and a zero
pressure condition was adopted for the outlet of the hydraulic
simulation domain. The shear stress calculated from the hydraulic
model was used to control the detachment of granules. Biomass
detachment was initiated when the shear stress was higher than
0.5 Pa (Stoodley et al., 1999). The flow velocity was used to calculate
the convective transport of the substrate within the HBL.
2.3. Soluble substrate mass balance

The soluble substrate transport in the HBL was simulated using
the convective and diffusive transport equation:

vS
vt

¼DlV
2S� uVS (2)

where, Dl is the diffusion coefficient in the liquid, u is the flow
velocity calculated from the hydraulic modeling, and S is the sol-
uble substrate concentration. The bulk liquid was assumed to be
completely mixed. The constant substrate concentration boundary
condition was applied at the interface between the HBL and bulk
liquid.

The soluble substrate mass balance in the biomass aggregates
was simulated using the diffusion-reaction equation:

vS
vt

¼DbV
2Sþ rs (3)

where, Db is the diffusional coefficient in the biomass aggregates
and rs is the bioreaction rate, which can be expressed with eq. 4

rs ¼mmax;H
S

Sþ KS
X (4)

where, mmax,H is the maximum specific biomass growth rate (d�1), X
is the biomass concentration (mg/L) and KS is the substrate half-
saturation constant (mg/L). In the ASM (activated sludge models),
several substrate limitation conditions were used. For simplicity,
only one limiting substrate (organic matter) was used in this study.
The values of the model parameters used in eqs. (2)e(4) were ob-
tained from the literature (Table S1 in the SI).
2.4. Development of the biomass aggregate

A cellular automata algorithm was used for simulating the
development of the biomass aggregate. The increase in the biomass
concentration (DX) was calculated incrementally at a simulation
duration of 6 h (DT) using the following equation:

DX¼YH

ðTþDT

T

rs (5)

where, YH was the yield coefficient of biomass due to substrate
consumption. For simplicity, biomass decay was ignored.

Biomass was designed to spread from its starting location when
the 10 � 10 mm cells split according to the CA (cellular automata) al-
gorithm (Picioreanu et al., 1998). An 8-neighbor cell filling rule was
used in the CA algorithm. The CAprocedure consists of the following:

(a) If the biomass density in a cell reaches the critical density, XC
(Table S1), the biomass in the cell split into two equal parts.
One part stayed in the original cell. The other half was placed
randomly in one of the empty neighboring cells. The biomass
density in the two split cells was adjusted to half of the
original cell.

(b) If none of the 8 neighboring cells was empty, one of the 8
occupied cells was randomly chosen and the biomass inside
the occupied cell was randomly displaced to one of its empty
neighboring cells.

(c) If there were no empty neighboring cells from step (b), then
step (b) was repeated until an empty cell was identified.

(d) The steps from (a) to (c) were executed repeatedly until the
biomass density in all the cells was less than the critical
density, XC.

To examine the effect of simulation interval on the simulation re-
sults, a sensitivity analysis was performed using the simulation in-
terval of 1, 2, 4, 6, and 12 h. Fig. S5 in the SI displays the derived
granule images and circularities produced from simulations with
different time intervals. The results in Fig. S5 show that the simulation
interval had no significant effect on the biomass aggregate
morphology and circularity. The detachment of biomass from the
biomass aggregates was controlled by the shear stress calculated
from the hydraulic model. Biomass detachment occurred when the
surrounding shear stress exceeded 0.5 Pa, a value selected based on
the measured biomass strength from (Stoodley et al., 1999).
2.5. Model implementation

The model was implemented in the MATLAB® 8.4 and COMSOL
Multiphysics®5.2 environment. The main script was written in
MATLAB to (1) define the model parameters, (2) call for the COM-
SOL solver, (3) define the model geometry, (4) solve the CA algo-
rithm and (5) perform the biomass aggregates image analysis. The
COMSOL software was used to solve the hydraulic and substrate
mass balance partial differential equation (PDEs). The MATLAB and
COMSOL software were integrated using the LiveLink™ feature of
COMSOL for MATLAB. To reduce the impact of selected kinetic pa-
rameters on the simulation result, the bulk COD concentration was
normalized to a minimum unit substrate, Smin, defined by the
following equation:

Smin ¼
KS

mmax;H
(6)

The model was implemented in the following steps:
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(1) The model parameters shown in Table S1 were defined in
MATLAB.

(2) One of the 10 � 10 mm cells was seeded with initial biomass
concentration at 50% of the critical density (i.e., 50% of XC).
The biomass aggregate progressively spreads from the center
(the initial seeding position).

(3) The geometries, physics equations, and initial conditions for
the hydraulic modeling and substrate mass balance were
defined in MATLAB and imported into COMSOL. The initial
velocity in the bulk liquid and the boundary layer was
assumed to be zero. The initial substrate concentration in all
the domains was the same as the bulk substrate
concentration.

(4) The hydraulic model and substratemass balance were solved
in COMSOL for the time interval of 6 h (DT).

(5) The results from the COMSOL calculation in step 4 were
exported to MATLAB and used to determine the biomass
density. If the resulting biomass specific density in certain
cells was larger than one, the cells were divided into two and
spread according to the CA algorithm.

(6) The new biomass aggregate geometries were defined based
on the result from step 5. The newly created biomass ge-
ometries were rotated 15�anti-clockwise relative to the
previous biomass geometries.

(7) Steps 4 to 6 were repeated until biomass aggregate diameter
of 0.7 mm was reached. For the repeated simulations, the
previous result at the end of 6 h simulation was used as the
initial condition for the next simulation.

The maximum mesh size for the bulk liquid and biomass
aggregate was selected as 25 and 2.5 mm, respectively (Fig. S6).

To examine the effect of rotation angle on the simulation results,
a sensitivity analysis was performed using the following rotation
angles: 10, 20, 30, 40 and 50�. Fig. S7 in the SI displays the derived
granule images and circularities produced from simulations with
different rotation angles. The results in Fig. S7 show that the rota-
tion angle had no significant effect on the biomass aggregate
morphology and circularity.

The biomass aggregates of different morphologies were pro-
duced by running the model at different shear and substrate con-
centration conditions.

2.6. Reversed Thiele modulus

The reversed Thiele (RT) modulus, defined by the ratio of the
maximum substrate transport rate to the maximum substrate re-
action rate, was used to represent the condition for biomass
aggregate formation:

RT¼Maxium substrate transport rate
Maxium substrate reaction rate

(7)

The substrate transport rate includes transport in the HBL and
CBL, andwas affected by the flow velocity and both the HBL and CBL
thickness. Under a high flow velocity condition, the substrate
transport in the HBL is not a limiting factor. The substrate transport
was limited by the diffusion in the CBL. On the other hand, under a
low flow velocity condition, both the HBL and CBL substrate
transport could become a limiting factor. For the 2D simulation
condition, the maximum substrate transport rate in the CBL was
calculated according to Eq. (8) (Fig. S3 in SI).

mCBL ¼ 2prD
C
LC

(8)

where, r is the radius of biomass aggregate; LC is the thickness of
CBL, C is the substrate concentration at the CBL border; D is the
diffusion coefficient.

The maximum substrate transport rate in the HBL was calcu-
lated according to eq. (9)

mHBL¼ 2prVCþ 2prD
C
LH

(9)

where, V is liquid velocity toward biomass aggregate, LH is the
thickness of HBL.

The smaller value from eqs. (8) and (9) was used to calculate the
RT value in eq. (7).

The maximum substrate reaction rate (mSR) was calculated as:

mSR ¼ pr2m
C

kþ C
X (10)

The calculated RT values under different biomass aggregate
radii, substrate concentrations, and flow velocities (Fig. S8 in SI)
show that the RT value decreases with increasing biomass aggre-
gate radius, increases linearly with substrate concentration, in-
creases with shear values below 100 s�1 and stabilized for shear
values 200 s�1 and higher.

2.7. Image analysis of the biomass aggregates

The image analysis toolbox within the MATLAB software was
used to measure the biomass aggregate’s diameter and circularity.
The diameter was assumed to be the same as a bounding circle with
theminimum diameter that covered all the biomass aggregate area.
The circularity (IC) was calculated using the following equation:

IC ¼
4p area
primeter2

(11)

3. Simulation results

3.1. Simulation results at two typical conditions

The biomass aggregate morphology produced under two
different substrate concentrations and flow conditions is shown in
Fig. 2. The flow velocity and the substrate concentration distribu-
tion (Fig. 2(a) and (b), respectively) show that under the low inlet
velocity (0.01 m/s and average shear rate of 20 s�1) and low bulk
substrate concentration (defined as 50 Smin), the biomass aggregate
had an irregular surface and low circularity (Fig. 2 (a, b))

Under high shear (inlet velocity 0.05 m/s and an average shear
rate of 250 s�1) and high substrate concentration (300 Smin) con-
dition, the shape of the biomass aggregate was more circular and
compact than the low shear and low substrate condition (Fig. 2 (c,
d)). The high flow velocity reduced the CBL thickness shown in the
Fig. 2(c), in comparison to the CBL shown in the Fig. 2(a). The
reduced CBL thickness and increased substrate concentration
increased the substrate flux into the biomass aggregate.

3.2. Impact of shear and substrate concentration on the biomass
aggregate morphology

Fig. 3(a) displays the morphology and circularity for biomass
aggregate formed under the constant bulk substrate concentration
of 200 Smin and variable shear rate at 0-300 S�1. At the zero shear
condition, the biomass aggregate had an open, finger-like
morphology that became more compact and circular with
increasing shear rate. The impact of bulk substrate concentration



Fig. 2. (a) Biomass aggregate morphology and velocity field formed under bulk substrate concentration of 50 Smin and average shear rate of 20 s�1 condition; (b) substrate con-
centration distribution under bulk substrate concentration of 50 Smin and average shear rate of 20 s�1 condition; (c) biomass aggregate morphology and velocity field formed under
bulk substrate concentration of 300 Smin and average shear rate of 250 s�1 condition; (d) substrate concentration distribution under bulk substrate concentration of 300 Smin and
average shear rate of 250 s�1 condition.
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on the biomass aggregate morphology under the constant shear
rate of 200 S�1 is shown in Fig. 3(b). The increase in the substrate
concentration from 50 to 600 Smin led to more compact and circular
biomass aggregates. Results in Fig. 3 suggest that at some limiting
value (either shear rate or bulk substrate concentration) no sig-
nificant change in the circularity was observed.

To investigate the combined impact of shear and substrate
concentration on the biomass aggregate morphology, a series of
simulations were performed under shear rates between 0 and
250 S�1 and substrate concentrations between 50 and 600 Smin. The
surface plot of the circularity from the simulations (Fig. 3(c)) shows
that under low substrate concentration, i.e., less than 150 Smin, the
circularity of biomass aggregates remained below 0.1 despite the
variation of shear rate between 0 and 250 S�1. For substrate con-
centration higher than 500 Smin, the biomass aggregates circularity
remained larger than 0.5. In other words, the local shear has no
impact on the biomass aggregate morphology for substrate con-
centrations less than 150 Smin or higher than 500 Smin. For substrate
concentrations between 150 and 500 Smin, increasing shear led to
high biomass aggregate circularity. High circularity is defined as
values greater than 0.6, while low circularity is defined as values
below 0.2.

3.3. The effect of reversed Thiele modulus on the biomass aggregate
morphology

Fig. 4(a) displays the calculated RT values for different
combinations of shear and bulk substrate concentration of a cir-
cular biomass aggregate with a diameter of 500 mm. In Fig. 4(a), the
shape of the circularity curve as a function of the RT value was
similar to the shear and substrate concentration effect shown in
Fig. 3(c). This result suggests that the RT value could be used as a
universal dimensionless factor to determine the morphology of
biomass aggregates at different shear rates and substrate concen-
trations. The impact of RT values on biomass aggregates of 400, 500
and 600 mmdiameter (Fig. 4(b)) show similar patterns regardless of
the aggregate size. The biomass aggregate circularity increased
from 0.1 to 0.65 when the RT value increased from 0.02 to 0.1, and
stabilized for RT value larger than 0.1. The simulation results indi-
cate that the maximum substrate transport rate should be around
10% of the maximum substrate reaction rate to produce biomass
aggregates of circularity near 0.65.

The RT values shown in Fig. 4(b) were calculated from various
arbitrary combinations of shear and bulk substrate concentration.
This set of simulated experiments indicate that shear and bulk
substrate concentration work in a unified way by controlling the
substrate availability to affect the biomass aggregate morphology.
For granule formation to be achieved, an RT value larger than 0.1 is
necessary.

To understand how the biomass aggregate size affects its
circularity, the development of biomass aggregate size, circularity,
and the RT value for the two simulation scenarios in Fig. 2 were
performed and results are shown in Fig. 5. Under the low substrate
availability scenario, the increase in the floc diameter coincided



Fig. 3. (a) Morphology and circularity of biomass aggregate formed under the constant bulk substrate concentration of 200 Smin and variable shear rate at 0-300 S�1; (b) Morphology
and circularity of biomass aggregate formed under the variable bulk substrate concentration of 50-600 Smin and constant shear rate at 200 S�1; (c) Combined impact of shear and
substrate concentration on the biomass circularity.

Fig. 4. (a) Calculated RT value for different combinations of substrate concentration and shear condition for a circular granule of 0.5 mm diameter; (b) The effect of RT on the
circularity of biomass aggregate of 0.4, 0.5 and 0.6 mm diameter, respectively.
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Fig. 5. (a) Development of floc diameter, circularity, and RT value for the simulation shown in Fig. 2(a, b); (b) Development of floc diameter, circularity, and RT value for the
simulation shown in Fig. 2(c, d).
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with a decrease in circularity and RT values (Fig. 5(a)). Under the
high substrate availability scenario, the circularity was stable
despite the increase in granule diameter and decrease in RT value
(Fig. 5(b)). However, the RT value in Fig. 5(b) remained above 0.1
and supports the results in Fig. 4 that a high circularity could be
achieved at or above this RT threshold value regardless of the
biomass aggregate size. This result suggests that the RT value and
not the biomass aggregate size determines its circularity.
3.4. Simulation of biomass aggregate formation and disintegration
in a batch reactor

The simulation results described above were derived under
constant bulk substrate concentrations and stable shear conditions.
To simulate the biomass aggregate formation in a typical
sequencing batch reactor (SBR), the shear and bulk substrate con-
centrationwere varied according to the profiles in Fig. 6 (a) and (b),
respectively. The average shear rate variation shown in Fig. 6 (a)
was achieved by adjusting the inlet velocity between 0 and 0.05 m/
s using a sinusoidal function. The bulk substrate concentration
decreased during each cycle according to a first-order reaction rate:

CðtÞ¼C0e
�kt (12)

For the case shown in Fig. 6 (b), the first order reaction coeffi-
cient k was set to 1 h�1. Results in Fig. 6 (c) from this varying shear
rate and declining bulk substrate concentration led to a declining
RT value starting from a value greater than 0.1 to zero at the end of
each cycle. Fig. 6 (d) displays the biomass aggregate formed under
this alternating shear and declining substrate condition. The sub-
strate concentration profile within the biomass aggregate at the
end of one reaction cycle is displayed in Fig. 6 (e). The circularity for
the biomass aggregate was calculated to be 0.6 when its diameter
was 500 mm. Another simulation was performed that produced an
alternating shear rate and a declining RT value where at no point
was the RT above 0.1 (See Supplemental Fig. S9). In that simulation,
the results clearly show that a floc biomass aggregate with a 0.08
circularity value was produced. It can be concluded that the
biomass aggregate formed under variable shear and substrate
conditions can only produce circular and compact biomass aggre-
gate, if at some point the RT is equal or larger than 0.1 indicating
sufficient substrate availability.

Fig. 5(b) suggests that for the formation of granules with
circularity more than 0.6, the RT value should be greater than 0.1.
The granule produced in the SBR reactor had a circularity of 0.6 and
the RT value in the SBR cycle varied between 0 and 0.1. In a separate
simulation, we performed a numerical test with a fast declining
substrate concentration (i.e., k ¼ 5 h�1 in equation (12)) (Fig. S9 in
the SI). The RT value was initially higher than 0.1, but remained less
than 0.01 for the majority of the 4 h reaction cycle (Fig. S10(c)).
During this simulation, granules with circularity at 0.6 can still be
produced. We hypothesize that the initial RT value above 0.1 at the
start of each cycle is responsible for the granule formation in the
SBR. If the SBR system never achieves this threshold value as shown
in Fig. S9, granules will not be produced. One possible explanation
for this requirement in SBRs is that biomass growth may be
occurring during the high RT stage due to the high substrate
transfer rate.

4. Discussion

4.1. The micro-environment for biomass granulation: substrate
availability theory

The simulation study examined the effect of micro-
environment, characterized by shear and substrate concentration
in close proximity to the biomass aggregate, on the aerobic gran-
ulation process. Our results indicated that shear and substrate
concentration that can be characterized by the RT value, work
together to influence the occurrence of aerobic granular sludge. RT
represents the ratio between themaximum substrate transport and
maximum substrate reaction rate. For AGS to be formed, the RT
value should be higher than 0.1. This value could be achieved by
increasing the shear or substrate concentration, or both (Fig. 4 (a)).

Although the effects of shear on the biomass aggregate have
been widely reported, the underlying reasons for these effects on
the biomass aggregate morphology have not been clearly deter-
mined. Considering the many aspects that shear could exert on the
biomass aggregates (e.g., biomass density, extracellular polymeric
substances (EPS) production, substrate transport, biomass detach-
ment (Liu and Tay, 2002)), it is very difficult to rely on a single
mechanism to explain the effect of shear on the biomass aggregate
morphology. In this study, we focused on the effect of shear-
induced substrate transport on the biomass granulation process:
(a) the shear-induced CBL thickness change and (b) the substrate
transport in the HBL. The simulation results identified that shear
only affected the biomass granulation process for the medium
(150e500 Smin) range of substrate concentration. At high substrate
concentrations, high shear is not necessary to increase the RT value,
while an increase in shear cannot result in an increase in the RT



Fig. 6. (a) Variation of average shear rates, (b) Bulk substrate concentration decreasing under first order reaction rate, (c) Calculated RT value in the batch reaction cycle, (d) biomass
aggregates, shear rate, and velocity field, (e) substrate concentration profile at the end of one reaction cycle.
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value at very low substrate concentrations, under which the
granules could not be formed. This simulation result is supported
by experimental data (Sturm and Irvine, 2008), in which aerobic
granules cannot be formed under low substrate concentration,
despite the elevated shear force. The RT value represents how the
shear and bulk substrate concentration are linked to affect the
substrate availability in the micro-scale environment.
4.2. The impact of reactor macro-environment on the biomass
aggregate micro-environment

Many of the prior experimental studies on granule formation
were performed by adjusting reactor operational factors that in-
fluence the macro-scale level. Here, we examined how these
operational factors affected the micro-environment and subse-
quently affected biomass aggregate morphology.
4.2.1. SBR vs Continuous flow reactor
Granules are usually more challenging to grow in a continuous

flow reactor (Kent et al., 2018). The bulk substrate concentration
(Sbulk) in the ideal continuously stirred tank reactor (CSTR) could be
expressed by the following equation (Metcalf and Eddy, 2002):

Sbulk ¼
KSð1þ b,SRTÞ

SRT,
�
mmax;H � b

�� 1
(13)

where, b is the biomass decay rate (d�1). If we ignore the biomass
decay rate, the above equation could be simplified to:
Sbulk ¼
KS

SRT,mmax;H � 1
(14)

Considering the definition of Smin in the Eq. (6), the above
equation could be rewritten as:

Sbulk ¼
1

SRT � 1
�
mmax;H

Smin (15)

For a typical SRT of 10 d and mmax;H of 3 d�1 in the aerobic
activated sludge system, the Sbulk in the CSTR could be calculated as
0.103 Smin. According to the simulation results (Fig. 3(c)), at such a
low substrate concentration, no granule will be formed. This simple
analysis could explain why aerobic granules have been rarely re-
ported in continuous reactors (Franca et al., 2017; Kent et al., 2018;
Liu and Tay, 2002). Simulation results here confirmed that granules
are more easily formed in SBRs than in continuous flow reactors
(Beun et al., 1999; Franca et al., 2018) due to the high initial sub-
strate availability in the feast period of SBR operation.
4.2.2. Selection of slower growing organisms to promote
granulation

It should be noted that the substrate concentration used in this
study was normalized in terms of the biomass kinetic parameters,
i.e., half saturation constant and maximum specific growth rate
(Equation (6)). The lower maximum specific growth rate of slow-
growing organisms could be equivalent to high substrate avail-
ability according to Equation (6). The simulation results also explain
why slow growers are preferred in granule formation. It can be
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concluded from the previous studies that slow-growing organisms
are favored in the formation of granules (de Kreuk and van
Loosdrecht, 2004). Long before aerobic granules were discovered,
anaerobic granules have been used extensively in UASB (up-flow
anaerobic sludge blanket) reactors (Lettinga, 1995). Other slow
growers, e.g., the nitrifying bacteria (Kishida et al., 2012) and
ANNAMOX bacteria (van der Star et al., 2008) also have a tendency
to form granules. The high bulk substrate availability condition
could be readily maintained for slow-growing microorganisms.

4.2.3. F/M ratio adjustment
The effect of F/M (food to microorganisms) ratio on the aerobic

granulation process is inconsistent in the literature. Initial high F/M
ratio (1.1 g COD g VSS�1 d�1) was reported to promote granulation
and increase the granule size. However, F/M ratio needs to be
reduced (to 0.3 g COD g VSS�1 d�1) to achieve long term granule
stability (Li et al., 2011). On the other hand, decreasing F/M ratio
from 0.6 to 0.1 g COD g VSS�1 d�1 was shown to increase fila-
mentous growth and unstable granules (Liu and Liu, 2006). Others
have reported that very high F/M ratio (above 2.5 g COD g VSS�1

d�1) led to filamentous bulking and poor settling in AGS (Hamza
et al., 2018).

The ability to produce granular sludge at high F/M ratio (Li et al.,
2011) and the increase in filamentous growth under low F/M ratio
(Hamza et al., 2018) could be explained by the low substrate
availability condition shown in our simulations.

4.2.4. Aeration rate
High DO concentrations are typically required to produce round

and clearly shaped aerobic granules. Low DO concentrations lead to
the filamentous growth and granule instability (Sturm and Irvine,
2008), consistent with the substrate availability theory described
in this study. It is usually believed that aeration could affect the
aerobic granulation process by applying sufficient hydraulic shear
and DO (Liu and Tay, 2002). Here we showed that shear and sub-
strate concentration work on the same principle of increasing
substrate availability for granule formation. Only organic substrate
was included in the model equation to represent the limiting
substrate. When the organic substrate was not the limiting sub-
strate, high DO was required to achieve aerobic granulation (Sturm
and Irvine, 2008).

4.2.5. Feast and famine condition
The feast and famine condition usually applied in the SBR was

regarded as one of the main driving forces for granulation; granule
formationwas promoted by an extended famine period (Beun et al.,
2000; Corsino et al., 2017; Franca et al., 2018).

For any given initial substrate concentration, an increase in the
starvation period increased the rate of substrate availability in the
feast period, therefore promoting the granulation process accord-
ing to the simulation result in this study. Conversely, in the SBR
where the feeding period was spread over a longer time span to
reduce the bulk substrate concentration in the feast period, the
biomass aggregate settling ability decreased and filamentous bac-
terial growth increased (Martins et al., 2003). Granules with high
settling ability could not be formed under low substrate availability
regardless of a feast/famine condition. This result suggests that it
was the high substrate availability in the feast period that promoted
granulation, not the feast/famine condition.

4.3. Implications of the simulation study on the cultivation of
aerobic granules

This simulation study suggests that the microscale substrate
availability characterized by the local shear and bulk substrate
concentration could provide a reasonable explanation for biomass
granulation formation under the model assumptions (e.g., soluble
substrate conditions). The substrate availability theory could
explain the majority of the operational strategies used for pro-
moting biomass granulation, i.e., use of batch reactors, selection for
slow-growing microorganisms, F/M ratio adjustment, feast and
famine condition, and short settling time. The high substrate
availability condition appears to be the common denominator in
these strategies for biomass granulation, although more experi-
mental verification is needed.

The substrate availability phenomenon identified in this study
could lead to completely new strategies for biomass granulation,
e.g., a “granule selector” with high substrate availability placed
upstream of the main reactor, or additional organic substrate
addition with monitoring to avoid substrate deficiency.

The study used simulation to examine the impact of shear and
substrate availability on granule formation. However, biomass
granulation is quite complex and could involve other factors, e.g.,
the interactive effects of EPS (extracellular polymer substances) in
the granule formation process. Research to date has not informed
investigators or practitioners on the impact of shear and substrate
availability on the production of EPS or the role EPS has on floc
morphology during the granulation process. Only one active
biomass component was included in the model developed in this
study. The actual biomass aggregates found in aerobic biological
processes include multiple biomass species, i.e., heterotrophic
bacteria, autotrophic bacteria, and their decay products. The
mathematical model could be expanded to include the above
mentioned factors, and validated by detailed experimental data to
fully understand the biomass granulation process.
5. Conclusions

� Results of this in-silico study using a 2-D biofilmmodel based on
the cellular automata algorithm and computational fluid dy-
namics revealed that shear and bulk substrate concentration
combined to create the optimal conditions for aerobic granule
formation.

� This process can be characterized by the reversed Thiele (RT)
modulus value, which is the ratio of the maximum substrate
transport over the maximum substrate reaction rate and an
indicator of substrate availability. For AGS formation, the RT
value should be greater than 0.1.

� The RT value proposed in this study could also explain why
granules could be more readily formed in an SBR (with a high
initial RT value) than in a CSTR (with a low RT value). Many
common strategies for biomass granulation production, such as
the use of batch reactors, selection for slow-growing microor-
ganism, F/M ratio adjustment, feast and famine condition, and
short settling time, etc., can be explained using the RT value and
further suggests possible new strategies for AGS formation.
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