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A B S T R A C T

A dynamic 1-D mathematical model for production and emission of a group of malodorous Volatile Sulphurous
Compounds (VSCs) and volatile fatty acids from anaerobic microbial biofilms was herein formulated, calibrated,
and validated. Mathematically, the biofilm was modelled using a multispecies approach, while microbial activity
was modelled using the well-established Anaerobic Digestion Model 1 framework, amended with biochemical
and physico-chemical processes to accurately represent the kinetics and compounds transportation in anaerobic
methanogenic sulphate reducing biofilms. The model was formulated as an integrated Anaerobic Biofilm Reactor
Model (ABRM) that provides a combined a dynamic output based on the processes taking place in the biofilm,
liquid, and gas phases. Published experimental data representing the production of the targeted malodorous
compounds obtained from a multi-reactor, lab-scale, anaerobic biofilm containing system fed with real waste-
water was used to calibrate the model's parameters and to validate its predictions. ABRM predicted sulphite
reduction and methanogenesis kinetics with R2 values ≥0.916 and matched the trends of spatial and temporal
variations of the experimental targeted malodorous compounds concentrations inside the reactors with Spear-
man's rank correlation coefficients ≥0.922. Simulation results for ABRM predicted spatial variations in the
anaerobic biofilm's microbial species distribution, abundance, growth, substrate competition and uptake,
hydrogen sulphate inhibition, and the levels of targeted malodorous compounds production and emissions in
response to changes in operational conditions. In an integrated approach for odour control strategies, ABRM can
play a great role in predicting malodorous emissions from microbial biofilms in wastewater treatment processes.

1. Introduction

Biofilms are aggregates of microorganisms and their extracellular
polymers, naturally immobilized onto solid surfaces in layer-like as-
sortments [1]. Biofilms are beneficial in a multitude of environmental
applications, achieving a wide variety of desired treatment goals
through engineered remediation and treatment processes. Among their
prominent applications is their usage in wastewater treatment plants
(WWTPs) [2]. To this end, biofilms are used in various configurations
such as tricking filters, rotating biological contactors, membrane re-
actors, moving beds, fluidized beds, and anaerobic filters [3], facilitating
the breakdown of pollutant through biodegradation, biomineralization,

biosorption, and bioaccumulation [4]. Biofilm-based treatment pro-
cesses are stable, simple, and reliable, mainly due to the resiliency and
survivability provided by the biofilms [1].

Microbial biofilm's growth and development requires the presence of
favourable environmental conditions such as pH, oxygen level, nutrient
type and availability, and temperature [5]. Their minimum requirement
for nutrients along with their ability to grow on a wide variety of biotic
or abiotic, hydrophobic or hydrophilic surfaces increase their surviv-
ability and proliferation [6]. Therefore, microbial biofilms can appear
ubiquitously, and sometimes uncontrollably, wherever such minimum
requirements are met. On the other hand, uncontrolled biofilms usually
represent an inhibitory and undesired component that can contaminate,
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hinder, and spoil equipment and environments [7]. In WWTPs, uncon-
trolled biofilms can corrode metals, reduce the lifetime of equipment,
reduce the treatment efficiency, and introduce a variety of containments
in the water stream and the atmosphere [8–10], causing a variety of
process and material performance problems, in addition to health and
aesthetic related issues [4]. In WWTPs, primary treatment is recognised
as a major source of strong intensity odour [11,12], which are typically
volatile, irritating even at low thresholds, and cause odour nuisance and
discomfort [13]. The presence of anaerobic biofilms was found to
exacerbate the problem of odorant compounds production in primary
clarifiers [14], with biofilms mitigation actions specifically recom-
mended to reduce odorant compounds production [15].

Volatile sulphur compounds (VSCs) and volatile organic carbon
compounds (VOCs) are among the most typically recognised odour
causing compounds [16]. VSCs include Hydrogen sulphide (H2S) and
Mercaptans (MT), while VOCs include a group of volatile fatty acids
(VFAs) like acetic acid, propionic acid, butyric acid, and valeric acid
[17–20]. These compounds can potentially occur simultaneously as a
result of the metabolic activities in anaerobic biofilms, as they compete
and utilize the same electron donors [21]. For instance, H2S is produced
through the biological reduction of sulphate (SO4− 2) or thiosulfate by
sulphate-reducing bacteria (SRB) in anaerobic environments [22], while
the anaerobic degradation of sulphur-containing amino acids such as
methionine and cysteine will generate H2S and MT [23]. Similarly, VFAs
are produced through fermentation of readily degradable organic
compounds, and they are key intermediates in the process of methane
(CH4) production under anaerobic conditions [24].

The control of malodours emissions is one of the challenges facing
WWTPs operators, as they represent an actual health related issue, and a
nuisance that consistently give rise to complaints and lead to legal im-
plications [10,11]. These challenges stem from the technical difficulties
associated with their characterisation and monitoring, and their dy-
namic variation due to changes in WWTP's operational conditions and
weather [25]. In this context, mathematical modelling is valuable tool
that can be used to simulates the generation, dispersion, and concen-
tration of odorous compounds in WWTP's, providing accurate pre-
dictions for their sources and quantities, and providing operators with
targets that they can effectively intervene with effective treatment
measures [26].

A multitude of modelling approaches for microbial biofilms has been
discussed in the literature. Among which, one-dimensional (1-D) dy-
namic and steady-state models are widely used and implemented, as
they represent a balance between simplified and complex modelling
approaches [27]. This approach was also used in modelling anaerobic
biofilms responsible for producing VSCs and/or VFAs. These models
include: i) the Wastewater Aerobic/anaerobic Transformations in
Sewers (WATS) model and its extensions [28–30], which is limited to
sewer systems under steady state conditions, ii) the model developed by
Sharma et al. [31], which dynamically simulate emissions related to
aerobic, anoxic, and anaerobic transformations, with the inclusion of pH
estimation in sewers. However, this model did not account for the
presence of methanogenic activity, and approximated diffusional limi-
tations in the biofilm by increasing the values of saturation constants;
and iii) the model developed by Guisasola et al. [32], which extended
the model presented by Sharma et al. [31] to include methanogenic
activity in the biofilm, thus providing the ability to predict CH4 emis-
sions in sewers. Yet, the model neither considered the characteristics of
the biofilm, apart from the surface area, nor included provisions to es-
timate emissions of malodorous VSCs and VFAs across the liquid-gas
interface, thus limiting its application to operational conditions
similar to those used in its development [32].

None of the previously discussed models included changes in the
microbial community structure in their formulations. In this sense,
establishing a basic understanding of the changes in the biofilm micro-
bial structure, and the multitude of associated microbial activities in
response to its surroundings, is important for the understanding of

biofilm development and propagation. This knowledge can be instru-
mental in devising successful mitigation actions against it [33–36]. To
satisfy this consideration, other models for anaerobic malodorous VSCs
and VFAs producing biofilms did include the changes in microbial
community structure in their formulations [21,37–39]. However, they
did not include pH changes or transfer of malodorous VSCs and VFAs
across the liquid-gas interface. Additionally, none of all discussed bio-
film models included the provision to predict the production and
emissions of MT.

This work aimed at developing a 1-D dynamic mathematical model
that can simulate the production of a group of malodorous VSCs and
VFAs resulting from anaerobic microbial biofilms. by combining rele-
vant biofilm-associated biochemical and physico-chemical processes
observed in the literature within the commonly adapted framework of
the International Water Association (IWA) Anaerobic Digestion Model
No. 1 (ADM1) [24]. The group of malodorous VSCs compounds include
H2S and MT, while the group of malodorous VFAs include acetate (Ac),
propionate (Pro), valerate (Va), and butyrate (Bu). The developed model
will be able to dynamically simulate the anaerobic biofilms response to
changes in its surrounding conditions by predicting the influence of
these changes on the biofilm's microbial species distribution and abun-
dance, growth and activity, substrate uptake, and the levels of the tar-
geted malodorous VSCs and VFA production. Furthermore, the model
will be presented as an integrated anaerobic biofilm reactor model
(ABRM) that provides a combined output based on the biochemical and
physico-chemical process in the biofilm, liquid phase, and gas phase.
This allows for its usage as a compartment in a Chemical Reactor
Network (CRN) configuration, to accurately represent the prevailing
hydrodynamic mixing conditions.

The developed ABRM will be calibrated and validated using litera-
ture sourced experimental data for a lab scale system for an anaerobic,
methanogenic, sulphite reducing biofilm, fed with real wastewater. The
model will also be used to obtain a basic understanding of the spatial
variations in biofilm microbial structure along with the resulting mi-
crobial activities. This will be performed through operational simula-
tions of the validated ABRM to reveal the microbial structure, biofilm
characteristics, pH levels, and production levels of the targeted group of
malodorous VSCs and VFA. In addition, the effect of changing the hy-
draulic retention time (HRT) on the level of malodorous VSCs and VFA
production and emissions will be investigated.

Overall, this model delivers a clear picture for an important source of
a group of malodorous VSCs and VFA emissions, providing information
that are currently lacking in the field of predictingmalodorous emissions
production in WWTPs. The use of dynamic modelling will provide ac-
curate odour assessment, while also improving understanding of the
process of biofilm associated odorants formation. This is possible by
including a multitude of aspects that are critical to the process such as
material transport to and from the biofilm and across the liquid-gas
interface, ability to predict changes in the biofilm characteristics
(thickness and microbial community distribution) and activity, inclu-
sion of a wide group of malodorous emissions causing compounds like
H2S, MT, and VFAs, pH estimation which affects important aspects like
microbial inhibition and acid/base dissociation, and providing the
ability to represent a wide range of hydrodynamics by adapting the CRN
framework. Furthermore, the use of state-of-the art, commonly accepted
and adapted variables of the ADM1 model will facilitate its inclusion in
plant-wide simulations, thus reflecting operational changes on the level
of malodorous air emissions. This will ultimately facilitate the adapta-
tion of an integrated approach for odour control strategies in wastewater
treatment processes, by using the model's outputs as inputs in air
dispersion modelling.

2. Biofilm model formulation: The anaerobic biofilm reactor

In order to include the various dynamic interactions between the
anaerobic biofilm and its surroundings, a three-phase biofilm reactor
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framework was adapted [4]. The ABRM contains three phases: anaer-
obic biofilm phase, completely mixed liquid phase, and completely
mixed gas phase. The anaerobic biofilm phase is comprised of active and
inert biomass, it is fully submerged in the completely mixed liquid
phase, with no direct contact between the biofilm phase and the gas
phase. Transport of substrates and products to and from the biofilm is
achieved through the completely mixed liquid phase. VSCs and VFA are
transported to the gas phase through the liquid phase. Feed is introduced
to and removed from the completely mixed liquid phase.

Adapting a biofilm reactor framework increases the model flexibility,
as it allows for its adaptation within a CRN. This approach enables the
integration of detailed chemical kinetics, involving multiple reactions,
with a simplified flow representation. By breaking down complex sys-
tems into functional macro zones, known as compartments, various flow
patterns can be effectively represented using combinations of ideal
reactor flow models [40,41]. This allows for the representation of all
possible flow conditions in WWTPs, accounting for their effect on the
microbial biofilm [42].

The biological activity in the biofilm is assumed to be anaerobic and
methanogenic. This is directly related to the targeted group of uncon-
trolled biofilms, which develop under conditions of stagnant, medium,
or low flow conditions. These conditions will cause the formation of a
boundary layer in the vicinity of the biofilm surface, drastically reducing
or limiting oxygen from reaching the biofilm surface and creating a
highly reduced environment suitable for anaerobic methanogenic and
fermentative activity [43].

To this end, and to facilitate the usage of this model in plant-wide
models, the biochemical and physico-chemical processes rates for
anaerobic digestion developed in ADM1 are adapted in this model [24].
The model developed here is based on the mathematical treatment
introduced by Rosen and Jeppsson for their ADM1 implementation
within the Benchmark Simulation Model no. 2 (BSM2) Framework [44].
Both are discussed in detail in their referenced publications and won't be
further discussed here. In this work, only changes/additions in the
biochemical and physico-chemical processes and mathematical treat-
ment discussed in BSM2 Framework [44] necessary to account for the
formation of malodorous VSCs and VFAs in an anaerobic methanogenic
multispecies biofilm are discussed.

Following the nomenclature in ADM1, S represent a dissolved sub-
stance concentration, X represent particulate matter concentration. For
compounds that are made up by an acid/base pair, the model follows
their total concentrations. Active microbial species assumed present in
the biofilm are: monosaccharides (Su) degraders (Xsu), amino acids (AA)
degraders (XAA), long-chain fatty acids (Fa) degraders (Xfa), Va and Bu
(Bu) degraders (Xc4), dissolved Pro degraders (XPro), dissolved Ac de-
graders (Xac), and dissolved hydrogen (H2) degraders (XH2). The intro-
duced SRB are Pro utilizing SRB (XSRB,Pro), Ac utilizing SRB (XSRB,Ac), and
H2 utilizing SRB (XSRB,H2) [45–49]. Additionally, inert biomass in the
biofilm is assumed to be in the form of inert particulate matter.

2.1. Biochemical processes

In the biofilm reactor model, biological activity is assumed to be only
found in the biofilm phase. This assumption is backed by the fact that in
sewer systems, were environmental conditions similar to the ones
behind anaerobic methanogenic biofilm proliferation exist, biofilms are
the main contributors to H2S and CH4 producing biological activity, with
negligible contribution from suspended microorganisms [32].

ADM1 specifies the following biochemical process rates: disintegra-
tion, hydrolysis, uptake, inhibition, and inactivation/decay, [24,44]. In
the ABRM, modifications and additional bioprocesses are added to the
aforementioned ADM1 processes, these are discussed in the subsequent
sections.

2.1.1. Disintegration and hydrolysis
Disintegration and hydrolysis are the two biochemical processes

associated with the transformation and production of particulate com-
pounds. These particulate compounds include degradable composite
particulates (XC), inert particulates (XI), particulate carbohydrates
(XCh), particulate proteins (XPr), and particulate fats (XFa). The disinte-
gration process of degradable composite particulates directly produces
XI, XSU, XPr, and XFa, along with dissolved inert (SI). While the hydrolysis
process converts XCh, XPr, and XFa to SSu,SAA, and Sfa. In the liquid phase
of the ABRM, the ADM1 approach for these two processes is adapted.

As for the production of XC, two modifications are introduced. In the
liquid phase, XC is no longer produced by microbial inactivation/decay
process as assumed in ADM1. Instead, it is assumed that XC is produced
through the biofilm detachment process. To represent this additional
process, the detachment velocity of biomass between the biofilm and
liquid phases and the biomass transport through detachment are defined
[50,51]:

fi(t, z) =
Vi,f
Vf

(1)

Xi,f (t, z) = Xf fi(t, z) (2)

σ(t, z) = kdet
[
Lf (t, z)

]2 (3)

ρ20,i = σ(t, z)Xf (t, z)fi(t, z)
Af
VB

(4)

where fi is the biofilm volume fraction of the microbial species i in the
biofilm top layer (biofilm/liquid interface), Vf is the biofilm phase
volume (m3), Vi,f is the volume occupied by species i in the biofilm (m3),
Xi biomass concentration in the biofilm for species i (kg CODm3 ), Xf is the
biomass density in the biofilm, assumed constant and equal for all spe-
cies (kg CODm3 ), σ is the detachment velocity of biomass between biofilm (f)
and liquid (b) phases (md ), kdet is the detachment coefficient (

1
d.m), Lf is the

biofilm thickness (m), ρ20,i the particulate matter transport through
detachment of species i from the biofilm top layer (biofilm/liquid
interface) to the liquid phase (kg CODd.m3 ), Af surface area of biofilm phase in
contact with liquid phase (m2), and VB is the completely mixed liquid
phase volume (m3).

In the second modification of the model herein developed, disinte-
gration and hydrolysis are combined in one process that depends on the
microbial inactivation/decay rate [52–54]. By this assumption, pro-
duction of SSu,SAA, Sfa, and dissolved inerts (SI), and XI in the biofilm is
equated to the microbial inactivation/decay, each through their ADM1
stoichiometric parameter. Eqs. (5)–(8) are based on the processes
defined in BSM2 [44]:

ρ1,f =
∑n

i=1

(
Xi,f (t, z)kd,i,f

)
= Xf

∑n

i=1

(
fi(t, z)kd,i,f

)
(5)

ρ2,f = fch,xcXf
∑n

i=1

(
fi(t, z)kd,i,f

)
(6)

ρ3,f = fpr,xcXf
∑n

i=1

(
fi(t, z)kd,i,f

)
(7)

ρ4,f = fli,xcXf
∑n

i=1

(
fi(t, z)kd,i,f

)
(8)

where ρ1,f , ρ2,f , ρ4,f , and ρ4,f are combined disintegration and hydrolysis
processes in the biofilm (kg CODd.m3 ), n is the number of active microbial
species in the biofilm, kd,i,f is the 1st order inactivation/decay rate
constant in the biofilm adapted from ADM1 (1d), and fi,xc is the ADM1
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stoichiometric parameter for the production of i from XC in the biofilm.

2.1.2. Substrate uptake
To incorporate the activity of the three types SRBs, three additional

rates are required (Eqs. (9)–(11)). Using a multi substrate Monod
equation, the biochemical process of SO4− 2 reduction by SRB utilizing
substrate i in the biofilm can be formulated as follows [45,55,56]:

ρ10,SRB = km,SRB,Pro
SPro,f

SPro,f + KS,SRB,Pro
SSO4,f

SSO4,f + KS,SO4,Pro
XSRB,ProIPro,H2S,SRB (9)

ρ11,SRB = km,SRB,Ac
SAc,f

SAc,f + KS,SRB,Ac
SSO4,f

SSO4,f + KS,SO4,Ac
XSRB,AcIAc,H2S,SRB (10)

ρ12,SRB = km,SRB,H2
SH2,f

SH2,f + KS,SRB,H2
SSO4,f

SSO4,f + KS,SO4,H2
XSRB,H2IH2,H2S,SRB (11)

where ρ10,SRB, ρ11,SRB, and ρ12,SRB are uptake of Pro, Ac, and H2,

respectively by SRB activity (kg CODd.m3 ), km,SRB,i is the maximum uptake rate
for substrate i (i = Pro, Ac, and H2) (1d), KS,SRB,i is the half saturation rate
constant for substrate i for SO4− 2 reduction (kg CODm3 ), SSO4,f SO4− 2 biofilm
concentration (M), KS,SO4,i is the half saturation rate constant for SO4− 2

reduction for substrate i (M), and Ii,H2S,SRB is free H2S inhibition for SO4− 2

reduction utilizing substrate i. Free H2S inhibition is represented by Eq.
(12):

Ii,H2S,SRB = 1 −
SfreeH2S,f
KI,H2S,j

(12)

where SfreeH2S,f is the biofilm free H2S concentration (M) and KI,H2S,j is free
H2S inhibition constant for bioprocess j (M). Free H2S inhibition also
affects the uptake of SAc, and SH2 (methanogenesis). The same inhibition
function is used for the anaerobic digestion bioprocesses (ρ5 to ρ12) [55],
but with different inhibition coefficients that reflects the difference in
free H2S susceptibility.

To complete the bioprocesses required for the representation of SRB
activity in the biofilm, inactivation/decay rates are also added (Eq.
(13)). These follow the same 1st order equations used in ADM1 and
contribute to the process in Eq. (5):

ρi,SRB = Xf fi(t, z)kd,i,SRB (13)

where ρi,SRB is the inactivation/decay process and kd,i,SRB is the inacti-
vation/decay coefficient for SRB (i: 17, 18, and 19 corresponding for
Pro, Ac, and H2, respectively).

Another bioprocess associated with malodorous VSCs production is
the release of H2S and MT as a result of the uptake of sulphur containing
AA [45]. To include their production in the biofilm, H2S and MT are
assumed to be produced by the uptake of AA (ρ6 in BSM2) in a stoi-
chiometric ratio similar to their content in AAs [57]. Table 1 lists the
stoichiometric parameters, and the biochemical processes added to the
ADM1 model.

2.2. Physico-chemical processes

The physico-chemical processes in ABRM include pH calculation,
acid/base dissociation, and solid/liquid and liquid/gas transfer pro-
cesses. These are non-biologically driven processes that are assumed to
take place only in the liquid phase.

2.2.1. pH calculations
Previously published results showed that pH value inside biofilms

showed an insignificant gradient in anaerobic methanogenic biofilms
with measured values inside the biofilm close to those in the liquid phase
[21,49]. Moreover, additional studies showed that pH can be calculated
sufficiently based on the liquid phase [58,59]. Therefore, it is assumed

that no pH gradient occurs within the biofilm, and its value throughout
the biofilm is identical to the value of the liquid phase, where it will be
evaluated. To calculate pH in the liquid phase of the biofilm reactor, the
same approach in BSM2 is used [44]. The approach includes using an
algebraic equation based on the electroneutrality principle to evaluate
pH as a function of the concentration of ionic species in the liquid phase.
For this model, concentrations of bisulfide (HS− ) and SO4− 2 are added to
the pH equation.

2.2.2. Acid/base rates
The ABRM followed the Ordinary Differential Equations (ODE)

approach used in ADM1 to evaluate the concentration of the ionic spe-
cies in the liquid phase. This approach expresses the acid/base reactions
as processes rates that represent the production/consumption of ionic
species [44]. The model includes all the acid/base rates in BSM2 with an
added acid/base rate for H2S (Eq. (14)):

ρA,12 = kA
B,H2S

[
SHS− ,b(t)

(
Ka,H2S+ SH+,b(t)

)
− Ka,H2SSH2S,b(t)

]
(14)

where ρA,12 is the acid/base rate for H2S (1d), SHS− ,b is HS- concentration
(M), kA

B,H2S
is the ADM1 acid/base rate constant; ADM1 suggested

default value= 1× 108 ( 1
d.M), Ka,H2S is the acid base dissociation constant

for H2S, SH+,b is hydrogen ion concentration in the liquid phase (M), and
SH2S,b is the total H2S concentration (M). For H2SO4/ HSO4− /SO4− 2

speciation, SO4− 2 is assumed to be the only species present in the biofilm
reactor. Finally, the concentration of ionic state dependant species
(Ammonia, unprotonated H2S, and dissolved carbon dioxide (CO2)) in
the biofilm are calculated based on the total concentration of the species
and the liquid phase pH, assuming instantaneous equilibrium between
the ionic states.

2.2.3. Biofilm-liquid transport process rates
Transport of compounds between the biofilm and liquid phases is

assumed to be governed by mass transfer limitations. This is directly
related to the targeted group of uncontrolled biofilms in this model,
which develop under conditions of stagnant, medium, or low flow
conditions. These conditions will cause the formation of a boundary
layer in the vicinity of the biofilm surface, drastically reducing or
limiting material transport to and from the biofilm [43]. This process is
not found in ADM1, and it's added for all the compounds transported to
and from the biofilm. The rate of material transport process between the
biofilm and liquid phases for compound i can be represented as follows
(Eq. (15)):

ρBT,i =
Af
VbRL,i

[
Si,b(t) − Si,f

(
t, Lf

) ]
(15)

where ρBT,i is the rate of material transport process between the biofilm
and liquid phases for compound i (kg CODd.m3 or kmold.m3), RL,i is the mass transfer
resistance external to the biofilm for i (1m), and Si,b and Si,f at Lf are
substrate/product i concentrations in the bulk liquid phase, and the
outer layer of the biofilm, respectively (kg CODm3 or kmolm3 ). RL,i can be eval-
uated using Eq. (16) [4]:

RL,i =
LL
Di,w

(16)

where LL is the thickness of the mass transfer boundary layer (m) and
Di,w is the diffusion coefficient of the transported constituent i in water
(m2d ). In this model, LL is treated as a fitting parameter [60], with a value
of 10 % of the biofilm thickness.

2.2.4. Liquid-gas transport process rates
Transport of compounds between the liquid and gas phases is rep-

resented in ADM1, but only for CO2, H2, and CH4. To represent the
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Table 1
The stoichiometric parameters and the biochemical processes added to the ADM1 model.

Process Eq. Ssu,f SAA,f SFa,f SI,f SPro,f SAc,f SH2,f SH2S,f SMT,f SSO4,f XC,b XI,f XSRB,Pro XSRB,Ac XSRB,H2

ρ1,b Eq.
30

− 1

ρ20 Eq.
4

∑n
i=1

ρ20,i

ρ1,f (5)
fSI,xc fXI,xc

ρ2,f (6)
1

ρ3,f (7)
1

ρ4,f (8)
1 −
ffa,li

ffa,li

ρ6,f Eq.
26

− 1
(
1 − YPro,aa

)
fPro,aa

(
1 − YAc,aa

)
fAc,aa

(
1 − YH2,aa

)
fH2,aa (1 − Yaa)fH2S,aaa (1 − Yaa)fMt,aa

b
–

ρ10,SRB Eq.
9

− 1 1 [
0.75
112

]c (
1 − Ypro,SRB

)
−

Ypro,SRBSbio

−
[
0.75
112

]
(
1 − Ypro,SRB

)

Ypro,SRB

ρ11,SRB Eq.
10

− 1
[
1
64

]
(
1 − YAc,SRB

)
−

YAc,SRBSbiod

−

[
1
64

]
(
1 − YAc,SRB

) YAc,SRB

ρ12,SRB Eq.
11

-1
[
1
64

]
(
1 − YH2,SRB

)
−

YH2,SRBSbio

−

[
1
64

]
(
1 − YH2,SRB

) YH2,SRB

ρ17,SRB Eq.
13

− 1
ρ18,SRB − 1
ρ19,SRB − 1

a: fH2S,aa: stoichiometric parameter of H2S from AA uptake; b: fMt,aa: stoichiometric parameter of MT from AA uptake; c: stoichiometric yield based on the SO4− 2 reduction biochemical reaction; d: Sulphur content in
biomass.
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emissions of malodorous VSCs and VFAs, the following transfer rate is
introduced in the biofilm model following the same approach in BSM2
[44] for the included VSCs and VFA (Eqs. (17)–(18)):

ρT,i = Kla,i
(
Si,b(t) − KH,iPi,g(t)fCOD

)
(17)

Pi,g(t) = KH,iSi,g(t)
RT
fCOD

(18)

where ρT,i is the liquid gas transfer process for compound i

(kg CODd.m3 or kmold.m3), i is 4 for Va, 5 for Bu, 6 for Pro, 7 for Ac, 12 for H2S, and
13 for MT, Kla,i is volume specific liquid-gas transfer coefficient (1d), KH,i
is Henry's law coefficient ( Mbar), Si,g is compound i gas phase concentration
(kg CODm3 or kmolm3 ), R is the universal gas constant (0.083145

bar
MK), T is the

absolute temperature (K), Pi,g compound i gas phase pressure (bar), and
fCOD is the chemical oxygen demand (COD) equivalent per mole to
convert the concentration from kg COD

m3 to kmolm3 when needed, else= 1 [44].
It must be added that for acid/base forming compounds, Si,b represents
the free, unprotonated form.

2.3. Biofilm phase equations

In this model, the microbial activity in the ABRM is assumed to be
limited to the biofilm, with negligible biological activity in the bulk
liquid phase. Biomass growth, substrate/product transport, and biofilm
thickness were modelled using the multispecies biofilm model approach
[50]. The biofilm phase equations include the equation for the multi-
species biofilm model and the equations for dissolved compounds in
the biofilm.

2.3.1. The multispecies biofilm model
The biofilm phase is modelled as a multi-species1-D biofilm. The 1-D

representation is considered sufficient for engineering application [61].
For active microbial species i in the biofilm, the following Eqs. (19)–(23)
can be formulated following the mass balance approach:

∂fi(t, z)
∂t = fi(t, z)

[
μoi,f (t, z) − μo (t, z)

]
− u(t, z)

∂fi(t, z)
∂z (19)

μo (t, z) =
∑n

i=1
μoi,f (t, z)fi(t, z) (20)

u(t, z ́) =
∫ źμo(t,źdź

0
(21)

uL(t) =
∫ Lf

0
μo (t, z) dz − σ(t) (22)

dLf
dt

= uL(t) (23)

where μoi,f and μo are net andmean specific growth and conversion rates
in the biofilm for species i (1d), respectively, n is the number of species in
the biofilm (including inert biomass), u is the velocity at which the
microbial mass is displaced with respect to the film-support interface at
point ź in biofilm (md ), and uL is the velocity of the biofilm-water interface
(md ).

The boundary condition required to solve the previously discussed
system is obtained by the no biomass flux condition at the substratum (i.
e. u = 0) [50] (Eq. (24)):

at z = 0,
∂fi(t, 0)

∂t = fi(t, z)[μoi(t, o) − μo (t, o) ] (24)

In this model, inert particulate compounds are included in the multi-
species biofilm model as a microbial species. These compounds are

assumed to be produced from the simultaneous disintegration and hy-
drolysis of degradable particulate compounds in the biofilm (Section
2.1.1).

2.3.2. Soluble material equations
The following Eqs. (25)–(27) can be obtained for any substrate/

product i in the biofilm, assuming diffusive transport:

∂Si,f (t, z)
∂t = Di

∂2Si,f (t, z)
∂z2 + ri,f (t, z) (25)

ri,f (t, z) =
∑m

j=1
ρj,f (t, z)νij (26)

μoi,f (t, z) =
∑m

j=1

ρj,f (t, z)νij
Xi,f (t, z)

(27)

where Si,f is substrate/product total concentration (kg CODm3 or kmolm3 ), Di is
the diffusion coefficient in the biofilm (m2d ), assumed to be 90 % of Di,w
[60], ri,f is the observed uptake rate of substrate i (kg CODd m3 or kmold m3),m is the
number of processes associated with substrate i in the biofilm, ρj,f is the
biochemical process rate j in the biofilm (kg CODd m3 or kmold m3), and νij is the
stoichiometric coefficient for substrate/product i in process j. Two
boundary conditions are required to solve the previous system (Eqs. (28)
and (29)):

at z = 0,
∂Si,f (t,0)

∂z = 0 (28)

at z = Lf ,
∂Si,f

(
t, Lf

)

∂z = RL,i
[
Si,b(t) − Si,f

(
t, Lf

) ]
(29)

where Si,b and Si,f at Lf are substrate/product i concentrations in the bulk
liquid phase, and the outer layer of the biofilm (kg CODm3 or kmolm3 ). The
boundary condition in Eq. (29) was chosen to reflect the presence of a
mass transfer boundary layer, which represent a more realistic situation
in the case of anaerobic biofilms [4]. Transport of inert dissolved com-
pounds is included in the multi-species biofilm model. Their conversion
rate is assumed to be associated to the simultaneous disintegration and
hydrolysis of degradable particulate compounds in the biofilm (Section
2.1.1).

2.4. The liquid phase

The liquid phase is assumed to be a completely mixed compartment
with constant volume, and the biofilm volume increase due to microbial
growth is assumed to be negligible. The liquid phase equations include
equations for the concentrations of suspended particulate matter and
dissolved compounds in the liquid phase (targeted groups VSC's and
VOCs included).

2.4.1. Particulate material equations
Particulate material in the liquid phase of the biofilm reactor in-

cludes degradable composite particulates (XC), inert particulates (XI),
particulate carbohydrates (XCh), particulate proteins (XPr), and partic-
ulate fats (XFa). As discussed in Section 2.1.1, biofilm detachment is the
only contributor to degradable composite particulates (XC). Thus, using
mass balance for a constant volume, Eq. (30) for XC can be written as:

∂XC,b(t)
∂t =

qL
Vb
(
XoC(t) − XC,b(t)

)
+
∑n

i=1
ρ20,i(t) − ρ1,b (30)

where XoC and XC,b are degradable composite particulates concentration
in the feed and liquid phase, respectively (kg CODm3 ), qL is the biofilm
reactor liquid feed and effluent flow rate (m3d ), n is the number of active
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microbial species in the top layer of the biofilm, and ρ1,b is the liquid
phase disintegration rate (kg CODd.m3 ). The remaining particulate matter
equations were adapted from BSM2 [44].

2.4.2. Soluble matter equations: Substrates and products
Transport of dissolved soluble matter between the liquid phase and

biofilm phase is governed by mass transfer limitations. Material flux is
quantified as an average over the contact surface area between the
biofilm and the liquid phase. The concentration of dissolved compounds
in the liquid phase can be represented by the following Eq. (31):

∂Si,b(t)
∂t =

qL
Vb
(
Soi (t) − Si,b(t)

)
+ ri,b(t)+ ρBT,i − ρT,i (31)

where Si,b and Soi are substrate/product total concentration in the liquid
phase and in the feed flow rate (kg CODm3 or kmolm3 ), ri,b is the observed non-
biological conversion rate of substrate i (kg CODd m3 or kmold m3), and ρBT,i and
ρT,i are biofilm-liquid and liquid-gas transport for substrate i, respec-

tively (kg CODdm3 or kmol
dm3

). Either one the transport processes ρBT,i and ρT,i can
be included or excluded depending on the assumed fate of the compound
in ABRM.

2.4.3. Soluble matter equations: Inorganic carbon and nitrogen
In the original ADM1, the material balance on the concentrations of

inorganic carbon (SIC,b) in the liquid phase include provisions to calcu-
late the net effects of substrate uptake (due to microbial activity) and the
inactivation/decay process on inorganic carbon material balance [24].
In addition, for inorganic nitrogen (SIN,b), the net effect of the inacti-
vation/decay process and the disintegration process are also included.

In the ABRM, substrate uptake (ri,f (t, z)) and the process of inacti-
vation/decay take place only in the biofilm and thus varies with its
depth. Therefore, in this model the net effect of substrate uptake is
evaluated through the rate of biofilm-liquid transport process for that
substrate (ρBT,i) [1]. While the net effect of the process of inactivation/
decay is evaluated by integrating the localized inactivation/decay rates
over the biofilm thickness. Additionally, to account for inorganic carbon
and nitrogen resulting from the disintegration process, the disintegra-
tion rate is also added (ρ20,i). Therefore, assuming no mass transfer
limitations on inorganic carbon and inorganic nitrogen and adapting the
approach in BSM2, the equation (Eq. (32)) of inorganic carbon con-
centration in the liquid phase can be written as follows:

∂SIC,b(t)
∂t =

qL
Vb
(
SoIC(t) − SIC,b(t)

)
−

[
∑m

i=1
siρBT,i(t)

+ s13
∑n

i=1

(

Xf
∫ Lf (t)

0
fi(t, z)kdi,f dz+ ρ20,i

)]

− ρT,CO2

(32)

where SoIC and SIC,b are inorganic carbon concentration in the feed and
liquid phase (kmolm3 ), i is the number of biochemical uptake processes in the
biofilm, and n is the number of active microbial species in the biofilm.

The equation for inorganic nitrogen concentration in the liquid phase
can be used as found in BSM2 [44], with the following term replaced to
calculate the net effect of inactivation/decay (Eq. (33)):

∑19

k=13
(ρk) =

∑n

i=1

(

Xf
∫ Lf (t)

0
fi(t, z)kdi,f dz+ ρ20,i

)

(33)

And the following term added to account for the instantaneous
disintegration in the biofilm, as shown in Section 2.1.1 Eq. (5):

ρ1 = ρ1,b+
∑n

i=1

(

Xf
∫ Lf (t)

0
fi(t, z)kdi,f dz

)

(34)

where ρk is the inactivation/decay process for microbial species k in
BSM2, and ρ1 is the liquid phase disintegration rate.

2.4.4. Soluble matter equations: Ionic species
Following the ODE approach used in BMS2 [44], the following

equation can be used to evaluate the concentration of the ionic species i
in the liquid phase.

∂Si,b(t)
∂t = − ρA,i (35)

In addition to all the ionic species found in ADM1, another equation
for HS− was added with the acid/base rate for H2S (ρA,12).

2.5. The gas phase

In the biofilm reactor, malodorous VSCs and VFAs are produced in
the biofilm, transported through the liquid phase, and emitted to the gas
phase. Following the treatment found in ADM1 [44], the fate of com-
pound i in the gas phase can be described by Eq. (36):

∂Si,g(t)
∂t = −

qG
Vg
Si,g(t)+ ρT,i

Vb
Vg

(36)

where Vg is the liquid phase volume (m3) and qG is the gas flow rate (m3d )
[44], the latter defined by Eq. (37):

qG(t) =
RT

patm − pgH2O
Vb

(
∑n

i=1

ρT,i(t)
fCOD

)

(37)

where patm and pgH2O are the atmospheric and water vaper pressures
(bar), and n is the number of volatile compounds. Total gas pressure in
the headspace can be calculated using Eq. 38:

PG,Total(t) =

(
∑n

i=1
Pi,g(t)

)

(38)

where PG,Total is the total pressure in the head space (bar). Finally, in
situations where the no gas phase is present in the ABRM, the gas phase
could be eliminated along with its associated processes present in other
sub-models (i.e. liquid-gas transport). In this case the ABRMwill provide
the liquid phase concentrations of the targeted VSCs and VFAs.

2.6. Model calibration, verification, and simulation

2.6.1. Experimental data
The ABRM is formulated to be able to simulate anaerobic biofilms

response to prevailing environmental and operational conditions. This
will be performed by predicting their influence on the microbial species
distribution and abundance, growth and activity, substrate uptake, and
the production levels of the targeted VSCs and VFAs in the anaerobic
biofilm.

To calibrate and validate the model, experimental data were ob-
tained from a lab-scale sewer system that contained an anaerobic
methanogenic biofilm [32]. The lab scale model comprised from four
CSTRs (RM1, RM2, RM3, and RM4) connected in series, fed with real
wastewater, closed with no headspace, and each contained an anaerobic
methanogenic biofilm covering the interior (top and walls) with an
area/volume ratio of 56.7 m2/m3. The system represented a pipe section
in a sewer pipeline and was fed sequentially (7.6× 10− 4

(
m3) 16 times a

day) with real screened and settled wastewater to simulate the flow
conditions in real sewers. The HRT for the system ranged between 2 and
10 h, with an average value of 6 h. Additional details of the system can
be found in the cited paper.

The data showed two experimental case studies: The first case study
represented 4 batch tests (for 7 h) for each reactor after extended
operation and biofilm growth, with time course data for dissolved
degradable COD concentration, SSO4, SH2S, SAc, SPro, and SCH4 inside each
reactor, that showed the rate of substrates uptake and products forma-
tion in all reactors. The second case study depicted the daily operation of

M.G. Hajaya et al.



Journal of Water Process Engineering 71 (2025) 107230

8

two reactors (RM2 and 3), with data for the time course concentration
for SSO4, SH2S, total dissolved VFA's concentrations (SVFAs), and SCH4,
during 10 feed pumping events at different time intervals. The second
data set showed the performance under varying HRT and revealed the
presence of spatial variation in biofilm activity between the two re-
actors. All the experiments were conducted at 23 ◦C, and data was
provided for the system size, and wastewater flowrate. Batch tests were
conducted after the full development of the biofilm inside the reactors.

While the anaerobic reactor model uses the ADM1 units for con-
centrations i.e. kg CODm3 and kg molem3 , results will be given in concentration
units similar to the experiential data i.e. mg CODL , mgL , and

μg
L . The screened

and settled wastewater was reported to contain the following: dissolved

degradable COD = 135
(
mg COD
L

)

, SSO4= 15
(
mg− S
L

)

, SH2S = negligible,

SAc=50
(
mg COD
L

)

, SPro=15
(
mg COD
L

)

, and SCH4 ≤ 5
(
mg COD
L

)

.

In the cited paper [32], the data was used to amend the previously
published model by Sharma et al., 2008 [31] with the processes of
methane production in sewer lines. While being successful in their
purpose, successfully simulating the dynamic production of H2S and
CH4, establishing the characteristics of the biofilm such as its microbial
structure and associated activity and predicting the transfer of
malodorous VSCs s and VFAs across the liquid-gas interface were beyond

its scope.

2.6.2. ABRM calibration and validation
The experimental data discussed in Section 2.6.1 provided an op-

portunity to not only validate the bioreactor model but also test its
flexibility. Apart from its surface area, minimum information is provided
about the biofilm inside the system. No data was provided regarding the
biofilm's microbial species distribution, thickness, detachment rate, or
biomass concentration. pH changes inside the systemwere not provided,
and no gas emission rates were reported, as the system did not have a gas
phase. In addition, the feed wastewater characteristics were limited to
dissolved COD, two VFA's (propanoate and acetate), SO4− 2, and H2S.

To test the bioreactor model flexibility, the limited experimental data
was used to calibrate the ABRM, specifically the batch study data for one
of the reactors (RM1). However, another complication resulted from the
fact that no clear indication is given for the time period required to reach
a fully developed anaerobic biofilm, beyond being “after several
months”. This time period is important as it sets the initial conditions for
the batch test simulations. To this end, the calibration processes
included the identification of that time period, and it was determined by
reaching a steady biofilm thickness inside all four reactors. This time
period was assumed to not exceed 7 months. Additionally, to reduce the
computing time and excess complexity, the operation of the lab scale
system to reach the fully developed anaerobic biofilm was simulated

Fig. 1. Manual calibration procedure.1: Values obtained from the literature [62]; 2: Operation time assumed based on the experimental data; 3: New and old are R2

values from current and previous simulation iterations, respectively.
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using a constant feed rate, evaluated as 0.012 (m3d ), which was calculated
based on the average HRT of the system. Switching the feed mode from
sequential to continuous could affect the ABRM predictions accuracy.
Results of the validation process were used to evaluate this prospect.

Calibration was performed manually by adjusting several key un-
specified system characteristics (biofilm thickness, biomass density, and
detachment rate) and key model process parameters (biochemical and
physico-chemical processes) using the approach presented in the liter-
ature [27,61]. The calibration process is shown in Fig. 1, where if any
adjustment was made the simulation was ran from the beginning point
of operation.

Manual calibration of the ABRM progressed depending on an
assumed value for Xf not exceeding a maximum limit and the predicted
value of Lf reaching a steady state constant value in all four reactors. As
no values were provided for Xf and Lf in the cited source of the exper-
imental data, reliable values were chosen based on a published study
that experimentally evaluated both variables in a pilot-scale sewer sys-
tem [62]. Therefore, it is important to highlight that the chosen values
for the two aforementioned variables are case specific and depend on the
conditions of the biofilm being modelled.

To terminate the calibration processes, the coefficient of determi-
nation (R2) is used twice to assess the quality of predictions provided by
the model. First, as show in Fig. 1, the experimental batch study con-
ducted using RM1 is simulated using the ABRM and R2 (old) is calcu-
lated for each of the reported and predicted concentrations of SSO4, SH2S,
SS (SSu + SAA), and SCH4. The calibration processes progress, unless any
of the evaluated R2 was found to be <0.9, then the value of kdet is
adjusted and the simulation is repeated. A minimum value of 0.9 for R2

was chosen due to the complexity of the model. Second, the kinetic
parameters of the biochemical processes are adjusted, and the simula-
tion repeated. The calibration process is terminated after this last step if
all evaluated R2 (new) were higher than 0.9.

Parameters for biochemical and physico-chemical processes ob-
tained from the literature were for systems operated at temperature
range between 33 and 35 ◦C. To be able to use them in the ABRM, their
values were changed to fit the temperature used in the experimental
data (23 ◦C). The effect of operating temperature on the various
biochemical and physico-chemical processes influencing the anaerobic
biofilm is widely recognised [4,63].

Values of the literature sourced parameters were corrected to match
the desired temperature using the van't Hof–Arrhenius equation
[64,65]:

kT2 = kT1eθ(T2− T1) (39)

where kT2 and kT1 are the temperature corrected rate coefficient at
temperature T2 and the reference rate coefficient at temperature T1, T2
and T1 are operational and reference temperatures (◦C), and θ is the
temperature coefficient. In this model, the coefficients that were
considered for temperature dependency were: diffusion coefficients
(mass transfer resistance), biokinetics parameters (maximum uptake
rates, half saturation rate constants, and inactivation/decay constants),
gas transfer coefficients, Henry's gas constants, and acid/base dissocia-
tion constants. In the calibration process, adjustments were made on the
reference value of the parameter (kT1).

To validate the ABRM, its predictive ability was tested by comparing
its calibrated output in two simulations representing two experimental
scenarios: the 3 remaining batch studies (RM2, 3, and 4), and the
continuous operation experimental data study. The former tested the
model's ability in predicting the different biofilms microbial activity,
while the latter tested the model's ability in predicting the resultant
spatial differences in each microbial biofilm activity. To completely
represent the continuous operation of the lab scale system, the simulated
operation was switched to a sequential feed with changing HRT.
Spearman's rank correlation coefficients were calculated between the
experimental concentration data and the ABRM output to assess the

predictive capability of the model. Spearman's rank correlation coeffi-
cient is used to compare results by evaluating the relationship between
two sets of ranked data. Its values range from 1.0, indicating a perfect
positive correlation, to − 1.0, indicating a perfect negative correlation. A
positive correlation signifies that both variables increase or decrease
together, while a negative correlation indicates that one variable in-
creases as the other decreases [66]. Spearman's rank correlation coef-
ficient was evaluated using the cited experimental data for the
concentrations of SSO4, SH2S, SVFAs, and SCH4 during the daily operation of
RM2 and 3 and their ABRM predicted counterparts.

2.6.3. Examining spatial variations in the system performance
The continuous operation experimental data (Section 2.6.1) showed

a difference in SSO4, SH2S, SVFAs, and SCH4 between the consecutive re-
actors (RM2 and RM3). Indicating a spatial variation in microbial ac-
tivity in the four reactor's system. The ABRMwas used as a tool to obtain
a basic understanding of changes in the biofilm microbial structure and
the multitude of associated microbial activities that induced this
variation.

Simulation results of the operation leading to the establishment of
steady anaerobic biofilm was used to examine the microbial structure,
biofilm characteristics, pH levels, and production levels of the targeted
group of malodorous VSCs and VFAs in the four developed biofilms, in
order to identify any resultant differences between them due to their
placement in the lab scale system. To examine the microbial species
distribution and activity in each of the developed biofilms, simulation
results for the microbial species distribution inside each biofilm were
clustered as five functional groups: FG1; fermentative (Xsu, XAA, and Xfa),
FG2; Ac and H2 producers (XC4 and XPro), FG3; CH4 producers (XAc and
XH2), FG4; SO4− 2 reducers (XSRB,Pro, XSRB,Ac, and XSRB,H2), and FG5; inerts
(XI). The relative abundance of each group (RAi) in the biofilm reactor
predicted operation is then evaluated for each developed biofilm using
Eq. (40):

RAi =

∑n

j=1
Xj

∑m

k=1
Xk

(40)

where RAi is the relative abundance of the functional group i (i= FG1, 2,
3, 4, and 5) in the developed reactor's biofilm, n is the total number of
microbial species in each functional group i in all layer segments inside
the reactor's biofilm, and m is total number of microbial species in all
layer segments (Section 2.7) inside the reactor's biofilm.

2.6.4. Estimating malodorous VSCs and VFAs emissions
To provide a complete picture, and to fully explore the ABRM ability,

the dynamic levels of the targeted group of malodorous VSCs and VFA
emissions were estimated for the lab scale system. To perform this task, a
simulation was performed in a modified lab scale system. The modifi-
cation included adding an open reactor (RM5) that receives the resulting
flow from the original 4. RM5 has no biological activity and includes a
headspace that allows for gaseous emissions of the resulting targeted
malodorous VSCs and VFAs to the atmosphere. The headspace volume
was assumed to be 20 % of the liquid volume [67]. Fig. 2 shows a
schematic of the emissions simulation system.

For this simulation, the system of reactors was assumed to be fed
with the same screened and settled wastewater, as reported in the
published work used in the calibration and validation of the anaerobic
reactor model [32]. Additionally, to investigate the effect of dynami-
cally changing HRT, emissions were estimated for the lab scale system
during the monitoring period that included 10 pumping events, which
was used to validate the ABRM continuous operation predictions. In this
simulation, gas flow is assumed to circulate inside the headspace of
RM5, influent VSCs and VFAs free gas is introduced at a rate equal to the
gas flowrate produced by the system (Eq. (37)).
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As a measure of the system potential to produce the targeted group of
malodorous VSCs and VFAs, daily emission levels of H2S, MT, VFAs, and
CH4 were evaluated as follows (Eq. (41)):

qi,G(t) = qG(t)Si,g(t) (41)

where qi,G is the daily emission level of compound i
(
Mass
d

)

.

2.7. Model simulation

Simulations were performed for the ABRM by simultaneously solving
the system's biofilm, liquid and gas phase equations. Mathematically,
the partial differential equations for the biofilm phase were transformed
to ordinary differential equations through discretization in the perpen-
dicular direction (z in the model equations) of the biofilm. The biofilm
was segmented into 8 sections and the variables in each segment were
evaluated using the finite difference method and the relevant boundary
conditions. The resulting ordinary differential equations in time were
solved (MATLAB® 2021, Ode 15 s) simultaneously with the liquid and
gas phases to provide predicted values of the modelled variables with
time. Initial values of the parameters in the ABRM biochemical and
physico-chemical processes were obtained follows:

1. Biochemical processes:
a. Anaerobic digestion: ADM1 within the BMS2 framework: [44].
b. SO4− 2 reduction and H2S inhibition: [55,68–71]

2. Physico-chemical processes:
a. Acid/base: ADM1 within the BMS2 framework: [44]
b. Biofilm-liquid transport and biofilm diffusion: [72,73].
c. Liquid-gas transport: [44,65,74].
d. Temperature dependency: [65,70]

3. Results and discussion

3.1. ABRM calibration

The accompanying information with the experiential data used in
this work did not provide any categorization for the dissolved degrad-
able COD found in the feed of the lab scale reactor system. Therefore,
following the Activated Sludge Model No. 2d (ASM2d) to ADM1 inter-
face [75], it was assumed that the dissolved degradable COD

concentration can be estimated as SAA + SSu, with SFa being considered
negligible. As for the remaining unknown dissolved components in the
feed, values specified in BSM2 were used [44]. The initial values for the
volume fractions of the microbial species inside the biofilms were
assumed identical, and the initial values for the biofilm thicknesses were
assumed to be 1 mm for all reactors.

A stable steady state was assumed to be reached depending on the
biofilm thickness and production profiles inside the reactors (at constant
feed flow rate). The system reached steady state after 180 days of
simulated operation. For the initial conditions in the batch tests (species
distribution in the biofilm, biofilm thickness, and biomass density), the
resulting lab system conditions after the 180-day simulated operation
was used. Fig. 3A1 and B1 shows the time course concentration data for
the experimental batch test for RM1 and the ABRM output after manual
calibration.

The ABRM provided largely good predictions for the simulated
species in RM1 batch tests. Values for R2 for the predicted concentra-
tions were 0.973, 0.961, 0.916, and 0.931 for SSO4, SH2S, SS (SSu+ SAA),
and SCH4, respectively. The calibration processes also estimated the
value of Xf to be 35 (kg CODm3 ). While this value was not provided in the
cited sources of experimental data, it was found to be within reported
values for anaerobic biofilms in the literature [62]. The estimated value
for kdet in RM1 biofilm was 8.44 ( 1

d.m ). However, using this value in the
remaining reactors caused the model to fail in predicting the experi-
mental batch tests results. Therefore, this value was changed for each
one of the remaining three biofilms to 9.28, 9.70, and 10.55 ( 1

d.m) for
RM2, RM3, and RM4, respectively. It must be added that the obtained
values for Xf and kdet resulted from the prescribed manual calibration
approach, as discussed in Section 2.6.2, warranted by the lack of their
mention in the cited source of experimental data. While this approach
was followed in the literature with great success [76,77], the obtained
values for the two parameters remain systems specific.

Table 2 lists the estimated values for the biochemical processes pa-
rameters resulting from the calibration process. The remaining param-
eters maintained their values specified in Section 2.5. As seen in Table 2,
estimated parameters for the biochemical processes associated with SRB
were within values listed in the literature for processes utilizing the
same inhibition functions used in this work. As a multitude of formu-
lations exist in the literature for SRB inhibition functions with no clear
justification given for the usage of a specific function, mainly due to
their empirical nature [68]. Among the three substrates utilized by SRB,

Fig. 2. The modified 5 reactor emissions simulation system.
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H2 had the highest uptake rate, this could be attributed to the high C/S
ratio of the feed wastewater (≅13.3) favouring the usage of H2 in SRB
[78]. For the biochemical processes associated with methanogenesis,
resulting value were on the higher side of those in reported literature.
This could be attributed to the type of wastewater used in the feed of the
experimental system [75,79].

Overall, the ABRM was largely successful in predicting the experi-
mental profiles for the sulphur species (Fig. 3A2, A3, and A4), and VFAs
and CH4 (Fig. 3B2, B3, and B4) in the batch tests for RM2, 3, and 4. Both
the experimental data and model predictions demonstrated the simul-
taneous SO4− 2 reduction and CH4 production in the reactors. The results
suggested that the developed ABRM was able to replicate the experi-
mental data reasonably well, which suggested that the developed model
could correctly describe CH4 production and SO4− 2 reduction in the batch
studies, thus validating the ABRM developed in this work.

3.2. Simulation of the continuous operation data

Fig. 4 shows the ABRM predicted vs measured concentrations during
the 10 pumping events within the daily monitoring period of the lab
scale system. To match the conditions of the experimental data, the
simulated operation of the lab scale system was switched to a sequential
daily wastewater feeding mode. Each day, 7.6 × 10− 4

(
m3) of waste-

water was pumped into the system multiple times at the following time
intervals: 0, 6, 7, 8, 8.5, 9, 9.5, 10, 12, 15, 18, and 22 h. This data was
obtained by examining the results figures shown in the cited paper.

The ABRM was able to reproduce the trends in SSO4/SH2S and
SVFAs/SCH4 reasonably well in RM2 and 3 (Figs. B1 and B2, and C1 and
C2). Indeed, the Spearman's rank correlation coefficients for the eight
measured concentrations and their predicted counterparts were 1, 1,
0.922, and 0.929 for SSO4, SH2S, SVFAs, and SCH4, respectively, indicating a
good and reasonable fit. Therefore, ABRM was able to successfully
predict the spatial and temporal variations found in the experimental
system data between RM2 and 3. Theses spatial and temporal variations
were also shown to be found in the remaining reactors, as shown in
Figs. A1 and A2, and D1 and D2 for RM1 and RM 4, respectively. The
predicted data also showed the variation in pH levels in all the lab scale
reactors, where spatial and temporal variations in microbial activity

were reflected in the changing levels of pH in the reactors. Spatial
variation in microbial biofilms activity was reported in the literature for
anaerobic sewer biofilms [35].

Despite the Spearman's rank correlation coefficients values showed
that the ABRM represented the trend of the experimental data reason-
ably well, some discrepancies were found between the empirical and
predicted concentrations. These differences could be attributed to the
fact that the model assumed ideal mixing conditions in the reactors.
These discrepancies could possibly be reduced or limited by accurately
detecting the mixing regime of the lab scale system and using the ABRM
in the resulting CRN configuration.

The examination of the change in predicted concentrations inside
each reactor shows that the ABRM was also successful in reflecting the
changes in activity brought about by the sequential change in HRT. As
shown in Fig. 4, a reduction in biofilm activity is shown as HRT is
decreased, with rising values of SSO4 and SVFAs and descending values of
SH2S and SCH4. This becomes clear when observing the increased levels of
SH2S and SCH4, as HRT is increased. Furthermore, the increase and
decrease in activity was mirrored by the predicted pH trends in all the
reactors. An increase in methanogenic activity will result in an increase
in pH, and vice versa. The observation is supported by the literature,
where longer HRTs promotes the biological activity in sewer networks
[80].

As shown in Fig. 4 A1, B1, C1, and D1, the ABRMwas able to provide
an estimate of the level of produced MT in all the reactors, where its
levels were also related to changes in HRT. In this model, MT and H2S
are assumed to be released as a result of sulphur containing AAs, and
their production rate from this process is calculated stoichiometrically
relative to the processes of AAs uptake in the biofilm, which was also
affected by the changing HRT. However, it must be added that the ABRM
predicted levels of MT production are directly related to the assumed
fraction of SAA in the dissolved degradable COD concentration in the
wastewater feed, which was 50 %. Therefore, the predicted levels of MT
production come with some uncertainty that stems from the validity of
the assumed fraction of SAA in the feed wastewater.

Overall, the ARBM ability to successfully predicting the spatial
variation between the lab scale system reactors performances and in
predicting the change in performance for each one of them under

Fig. 3. Time course concentration data for the experimental batch tests and the ABRM; A1 to 4): H2S and SO4− 2 in RM1 to RM4; B1 to 4): COD in RM1 to RM4
(SS=SSu+SAA); Lines represent the biofilm model output after manual calibration and dots represent experimental data [32].
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varying HRT, validates its predictive ability under the conditions of this
study. Furthermore, the introduced simplification of opting for a con-
stant feed rate in the initial phase of model simulations did not severely
affect the quality and usefulness of those predictions. The resulting
spatial variation of biological activity is further discussed in Section 3.3.

3.3. Examining spatial variations in the system performance

To investigate the resulting spatial variation in the experimental
biofilm, steady state values resulting from the system simulation under
constant HRT were analysed. Fig. 5 shows the ABRM predicted biofilm
thickness, pH, and production levels of the targeted group of
malodorous VSCs and VFAs in each reactor during its simulated opera-
tion at 23 ◦C.

The increased level of pH in the reactors indicate that biological
methane production continued sequentially in the four reactors

(Fig. 5A). However, the reduction in biofilm thickness (Fig. 5B) revealed
that this was accompanied with reduced biological growth. The drop in
biofilm thickness resulted in estimated biomass levels of 0.0897, 0.0728,
0.0592, and 0.0465 (kg CODm2 ). This reduction in biomass levels caused a
decrease in biological activity, as it can be seen by the concentration
profiles of the sulphur and carbon species in the reactors (Fig. 5C and D).
SSO4 dropped and SH2S increased by 5.9, 3.6, 2.1, and 1.2 (mg− SL ), in RM1,
2, 3, and 4, respectively, which showed a reduction in substrate uptake
levels by SRB. The same observation could be made for methanogens, as
the combined level of SSu, SAA, and SFa dropped by 0.04, 0.03, 0.02,
0.014 (kg CODm3 ), with SCH4 increase by 0.024, 0.022, 0.02, 0.017 (kg CODm3 ), in
RM1, 2, 3, and 4, respectively. Regarding the level of MT production, the
ABRM assumes that it is released as a result to the uptake of sulphur
containing AA, so its production rate in the four reactors followed the
level of SSu, SAA, and SFa uptake. This drop in biomass levels and reduced
biological activity can be attributed to the reduction in substrate levels
in the reactors. As fresh feed is only introduced to RM1, with each of
following reactors receiving the effluent from reactor before it. This
observation was reported in the literature for sewer biofilm, as anaer-
obic biofilms developed upstream showed higher levels of microbial
growth and substrate utilization compared to those found downstream
[33]. Overall, from the previous discussion, the ABRM was successful in
quantifying the spatial variation in the anaerobic biofilm activity be-
tween the four reactors.

Fig. 6 shows the predicted relative abundance (Eq. (37)) of the 5
functional groups inside the developed anaerobic biofilms (A) and pre-
dicted volume fraction of the 5 functional groups inside the 8 segments
of developed anaerobic biofilms in each reactor (B, C, D, and E).

The predicted relative abundance for SRB was significantly lower
than that for methanogens in all reactors, indicating that under the
conditions of this simulation, methanogens outcompeted SRB in the
anaerobic biofilm (Fig. 6A). These predictions are well supported by the
literature, and they came as a result to the nature of substrates required
by the two functional groups. While both microbial groups utilize the
same organic substrates in the anaerobic biofilm as electron donors
(Acetate and Hydrogen), SRB growth also depends on the levels of SO4− 2

inside the biofilm. SO4− 2 is not produced inside the biofilm and requires
transport from the liquid phase, and its levels is affected by the rate of
mass transfer which is dictated by the concentration gradient between
the liquid and biofilm phases [31,32,35]. In contrast, the required
substrates for methanogens are mainly produced in situ and do not
require transport from the liquid phase to the biofilm [32].

Fig. 7 shows the concentration profiles for SSO4, SH2s, and SMT in the
anaerobic biofilms inside each reactor. Inspecting the ABRM predictions
for the SO4− 2 concentrations inside the layers of the biofilm supports the
previous observations. As it can be seen in Fig. 6A, the predicted con-
centrations of SSO4 in the outer layer (L1) were 4.5, 3.5, 2.6, and 1.9
(mg− SL ), in RM1, 2, 3, and 4, respectively. Comparing these values to the
liquid phase concentrations of SSO4 (Fig. 4C), will reveal a successive
reduction in SO4− 2 concentration gradients, which were 5.1, 2, 0.8, and
0.3 (mg− SL ), in RM1, 2, 3, and 4, respectively. This indicated a decrease in
the driving force for mass transfer from one reactor to another.

Distinct diversity distribution characteristics will result in the mi-
crobial biofilm as a result of the nature of substrates required by SRB and
methanogens. The association between SRB and SO4− 2 levels will result
in the development of higher volume fractions of SRB near the outer
layers of the biofilm, where higher concentrations of SO4− 2 can be found
(Fig. 7A). On the other hand, methanogens will have higher volume
fractions in the inner layers [21,37]. This aspect was also predicted by
the ABRM as shown in Fig. 6B, C, D, and E in layers 1 to 4 in RM1 and 2,
and from layers 1 to 5 in RM3 and 5.

Finally, another aspect of SRB and methanogens competition pre-
dicted by the model are the differences in their susceptibility to free H2S
inhibition. Higher levels of H2S were predicted in the inner layers,

Table 2
Estimated values for the biochemical processes' parameters.

Process Parameter Valuesa Reference

Literature Calibrated

Uptake of SSu
km,Su (

1
d
) 30 45

[44,69]

KS,Su (
kg COD
m3 ) 0.5 0.4

Uptake of Saa
km,AA (

1
d
) 50 65

KS,AA (
kg COD
m3 ) 0.3 0.28

Uptake of SFa
km,Fa (

1
d
) 6 9

KS,Fa (
kg COD
m3 ) 0.4 0.4

Uptake of
SVa&SBu

km,C4 (
1
d
) 20 30

KS,C4 (
kg COD
m3 ) 0.2 0.17

Uptake of SPro
km,Pro (

1
d
) 13 28

KS,Pro (
kg COD
m3 ) 0.1 0.4

Uptake of SAc
km,Ac (

1
d
) 8–13 12

KS,Ac (
kg COD
m3 ) 0.15 0.15

Uptake of SH2
km,H2 (

1
d
) 35–40 42

KS,H2 (
kg COD
m3 ) 7 × 10− 6

6.6 ×

10− 6

Free H2S
inhibition to
SAc and
SH2uptake in
ADM1

KI,H2S,ρ11 and ρ12

(M)
4.4–8.9 ×

10− 3 8 × 10− 3 [71,68]

SRB with SPro

km,SRB,Pro (
1
d
) 12.6–42 29.6

[55,68,69,70]

KS,SRB,Pro

(
kg COD
m3 )

0.1–0.3 0.1

KS,SO4,Pro (M)
7.7 × 10− 5 -
2.3 × 10− 4

1.06 ×

10− 4

SRB with SAc

km,SRB,Ac (
1
d
) 7.1–17 9

KS,SRB,Ac

(
kg COD
m3 )

0.024–0.29 0.019

KS,SO4,Ac (M)
1 × 10− 4 - 6
× 10− 4

1 × 10− 4

SRB with SH2

km,SRB,H2 (
1
d
) 12–45 40

KS,SRB,Ac

(
kg COD
m3 )

2.5 × 10− 5 -
1 × 10− 4 8 × 10− 5

KS,SO4,Ac (M)
2.8 × 10− 5 -
2 × 10− 4

2.8 ×

10− 5

a Values at the reference temperature of 35 ◦C in the temperature correction
equation.
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reaching levels of 11.6, 12.79, 13.532, and 13.96 (mg− SL ) in the biofilms of
RM1, 2, 3, and 4, respectively (Fig. 7B). Compared to SRB, methanogens
are more susceptible to H2S inhibition, indicated by their lower inhibi-
tion constant [69,71]. Therefore, as shown in Fig. 6B, the volume frac-
tions of methanogens dropped in favour of SRB from layer 5 to layer 8
(RM1 and 2), and from layer 6 to layer 8 (RM3 and 5). However, the
gains in volume fraction achieved by SRB diminished as SH2S in the inner
layers increased to levels that increases their susceptibility to free H2S
inhibition (Fig. 6E vs Fig. 6B, C, and D).

Overall, the ABRMwas able to provide a level of basic understanding
of the changes in the biofilm microbial structure and the multitude of
associated microbial activities that led to the spatial variations reported

in the experimental data. Successfully depicting the ensuing spatial
variations in the anaerobic methanogenic biofilm's species distribution,
abundance, growth, activity, substrate uptake, and production levels of
the targeted group of malodorous VSCs and VOCs in all the system
reactors.

3.4. Estimating malodorous VSCs and VFAs emissions

By introducing a fifth reactor (RM5) at the receiving end of the lab
scale system, the level of produced malodorous VSCs and VFAs emis-
sions could dynamically be estimated without disturbing the operation
of the first four. Fig. 8 shows the predicted output of RM5 during the 10

Fig. 4. The ABRM predicted (lines) vs measured (dots) concentrations during the 10 pumping events within a day of operation for A) RM1, B) RM2, C) RM3, and D)
RM4, where 1) SSO4, SH2S, and SMT and 2) pH, SVFAs, and SCH4. Vertical lines indicate a change in hydraulic retention time in the system.

Fig. 5. Predicted output BFRM of each one of the reactors after 180 days of simulated operation; A) pH, B) Lf , C) SSO4, SMT , and SH2S , and D) COD fractions.
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pumping events within a day of operation.
The total gas flow rate is evaluated in the ABRM by calculating the

individual gas transport rates for all gaseous species in the reactor (Eq.
(17)). Therefore, the resulting gas flow is dependent on the level of those
transport rates, and consequently the level of transported compound in
the liquid phase. Additionally, gas flow rate is largely dependent on two
major contributors, CH4 and CO2. The gas flow rate of the targeted group

of malodorous VSCs and VFAs initially increased with reduced HRT
(increased flow rate) as shown in Fig. 8A. Lower HRTs will increase the
level of a compound replenishment inside the reactor liquid phase,
rapidly increasing its concentration, and maintaining a larger gradient
for the liquid-gas transport process (Fig. 8E and F).

This can be seen by comparing the feed cycles in periods 1 and 3 to
periods 2 and 4 in Fig. 8B, C, and D. However, this behaviour depends on
the concentration of the compound in the incoming feed. As seen in
Fig. 4D1 and D2, the reduced HRT in the system resulted in a decline in
the microbial activity of the anaerobic biofilms, reducing the level of
H2S, MT, and CH4 in the effluent of RM4 and the feed to RM5. In this
case, the reduced HRT will have a wash-out effect in the content of RM5
i.e. rapidly introducing a feed that has a lower concentration than what
is inside the reactor (Fig. 8E and F). This can be seen in the feeding cycles
in time period 5, where the high flow rate of low concentration feed is
maintained. This observation is supported by examining the gas trans-
port rates of VFAs (Fig. 8D) in the same period (5), where their transport
rate increased mainly due to their higher concentration in the incoming
feed, which resulted from the reduced anaerobic biofilm activity
(Fig. 4D). The effect of influent dynamics on the level of malodours
emissions is documented in the literature [12]. And as it can be seen
from the previous discussion, these effects are partially associated with
the changes taking place upstream, as changes in RM1 to 4 were re-
flected as changes in emissions rate from RM5.

Another important aspect that maintained increased the gas trans-
port of VFAs in time period 5 was the drop in pH, which was attributed
to the increased removal of CO2 in the previous time periods (Fig. 8C)
[80]. This aspect is clarified by examining the levels of acid/base
forming compounds in RM5, which is shown in Fig. 8H, I, and J. For
acid/base pair forming compounds, liquid gas transfer is achieved by the
free and protonated form of the compound. Lower pH values increased

Fig. 6. A) Predicted distribution of the 5 functional groups within each developed biofilm, and predicted volume fraction of the 5 functional groups inside the 8
segments of the developed anaerobic biofilms in B) RM1, C) RM2, D RM3, and E) RM4.

Fig. 7. Concentration profiles for A) SSO4,f and B) SH2S,f in the anaerobic bio-
films of the four reactors.
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the level of free VFAs in RM5 (Fig. 8G and J), therefore increasing their
gas transfer rate. The drop of pH in RM5 also affected the gas transfer
rate of H2S and CO2, where their free form increased in response to the
decrease in pH (Fig. 8H and I), resulting in a slower decline in their gas
transfer rates, compared to the other compounds (Fig. 8B and C); a drop
by 37 % vs 42 % for H2S and MT, respectively, and 8 % vs 30 % for CO2
and CH4, respectively. In time periods 6 and 7, the decline in gas transfer
rates and gas flow rate continued as levels of one of the major contrib-
utors to the gas flow rate (CH4) in RM5 dropped even lower (Fig. 8F).

Overall, the ABRM was able to provide dynamic estimates for the
levels of the targetedmalodorous VSCs and VFAs emissions in the system
under varying operational conditions (multiple HRTs). Highlighting the
effect of key factors (such as pH) on their production.

The proposed model discussed herein was able to predict the pro-
duction of a group of malodorous VSCs and VFAs resulting from
anaerobic microbial biofilms. Providing the ability to dynamically pre-
dict the ensuing effects from changes in the biofilm surrounding con-
ditions on its activity. Under the conditions of this study, the model
showed that changes in HRT and levels of substrate in the liquid phase at
the biofilm's vicinity have a paramount effect on the biofilm's activity.
These changes in operational conditions were key in dictating the

microbial community structure in the studied biofilms. Moreover, their
effect was also important in the resulting level of malodorous emissions
of the targeted group of compounds.

The usage of state-of-the-art framework, and the possibility of its
application within a CRN framework makes the ABRM a valuable tool in
plant-wide integrated approach studies. Not only for the purpose of
malodorous emissions estimation, but also for day-to-day operation
assessment, optimization, and monitoring for units that employ biofilms
in their operation, like anaerobic membrane bioreactors. Furthermore,
the ABRM current structure allows for the inclusion of the effect of
changing other operational parameters such as organic loading, C/S
ratio, the presence of suspended biomass, and temperature. Which can
be included with proper experimentation.

4. Conclusions

A mathematical model that can dynamically simulate the production
and emission of a group of malodorous VSCs and VFAs resulting from an
anaerobic, methanogenic, sulphate reducing microbial biofilms was
developed. The biofilm was modelled using a multispecies approach,
and the well-established ADM1 framework was used to represent the

Fig. 8. Predicted output of RM5 during the 10 pumping events within a day of operation: A) qG, B) qH2S,G and qMT,G, C) qCH4,G and qCO2,G, D) qAc,G, qPro,G, qBu,G, and
qVa,G, E) SH2s , SMT , and SSO4, F) SVFAs, and SCH4, G) pH, H) SHS− and SH2SFree , I) SHCO3− and SCO2, and J) Free SVFAs.

M.G. Hajaya et al.



Journal of Water Process Engineering 71 (2025) 107230

16

microbial activity, after amending it with additional biochemical and
physico-chemical processes to accurately represent the interactions
found in anaerobic methanogenic sulphate reducing biofilms. Themodel
was formulated as an integrated anaerobic biofilm reactor model that
provides a combined output based on the process taking place in the
biofilm, liquid, and gas phases, in order to facilitate its application as a
part of a chemical reactor network that could represent different hy-
drodynamic mixing conditions. Published experimental data for a lab
scale, anaerobic biofilm containing system, fed with real wastewater
was used to calibrate and validate the ABRM. The model provided a
quantitative representation for spatial variations in the anaerobic bio-
film's microbial species distribution and abundance, growth and activ-
ity, substrate uptake, and the levels of the targeted malodorous VSCs and
VFAs production and emissions in response to changes in prevailing
operational conditions. The model was able to express the interactions
between SRB and methanogens in the biofilm, delineating the effect of
substrate competition and H2S inhibition on the diversity distribution
characteristics inside the biofilm. Finally, the ABRMwas used to provide
dynamic estimates for the levels of production for targeted malodorous
VSCs and VFAs emissions in the system under varying operational
conditions.
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[59] C. Huiliñir, E. Aspé, M. Roeckel, Model of simultaneous denitrification and
methanogenesis in an upflow packed-bed biofilm reactor: nitrogen compounds’
inhibition and pseudo two-dimensional biofilm model, J. Chem. Technol.
Biotechnol. 84 (2009), https://doi.org/10.1002/jctb.2033.

[60] H. Eberl, E. Morgenroth, D. Noguera, C. Picioreanu, B. Rittmann, M. Van
Loosdrecht, Mathematical modeling of biofilms IWA task group on biofilm
modeling, Group (New York) 11, 2006, p. 127.

[61] B.E. Rittmann, J.P. Boltz, D. Brockmann, G.T. Daigger, E. Morgenroth, K.
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