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1.1. Abstract 

Although anaerobic membrane bioreactors (AnMBR) are a core technology in the transition of urban 

wastewater (UWW) treatment towards a circular economy, the transition is being held back by a number 

of bottlenecks. The dissolved methane released from the effluent, the need to remove nutrients (ideally 

by recovery), or the energy lost by the competition between methanogenic and sulfate-reducing bacteria 

(SRB) for the biodegradable COD have been identified as the main issues to be addressed before 

AnMBR becomes widespread. Mathematical modeling of this technology can be used to obtain further 

insights into these bottlenecks plus other valuable information for design, simulation and control 

purposes. This paper therefore proposes an AnMBR anaerobic digestion model to simulate the crucial 

SRB-related process since these bacteria degrade more than 40% of the organic matter. The proposed 

model, which is included in the BNRM2 collection model, has a reduced but all-inclusive structure, 

including hydrolysis, acidogenesis, acetogenesis, methanogenesis and other SRB-related processes.  It 

was calibrated and validated using data from an AnMBR pilot plant treating sulfate-rich UWW, including 

parameter values obtained in off-line experiments and optimization methods. Despite the complex 

operating dynamics and influent composition, it was able to reproduce the process performance. In fact, it 
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was able to simulate the AD of sulfate-rich UWW considering only two groups of SRB: heterotrophic SRB 

growing on both VFA (propionate) and acetate, and autotrophic SRB growing on hydrogen. Besides the 

above-mentioned constraints, the model reproduced the dynamics of the mixed liquor solids 

concentration, which helped to integrate biochemical and filtration models. It also reproduced the  

alkalinity and pH dynamics in the mixed liquor required for assessing the effect of chemical precipitation 

on membrane scaling.  

 

1.2. Keywords 
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2. Introduction 

Anaerobic membrane bioreactors (AnMBR) have attracted attention to drive the shift of urban wastewater 

(UWW) treatment towards the circular economy. This technology combines the advantages of anaerobic 

systems with membrane filtration: i) it retains 100% of particulate materials, allowing accurate control of 

the sludge retention time (SRT) thus preventing slow-growing methane-forming methanogens to be 

washed out of the system while producing high quality solids- and pathogen-free effluent; ii) it enables AD 

to be operated at ambient-temperatures by increasing the SRT; iii) it reduces biosolid waste because of 

the lower biomass yields of anaerobic microorganisms; and iv) it transforms organics into a gaseous 

energy carrier CH4 (Lei et al., 2018; Maaz et al., 2019; Robles et al., 2018a; Shin and Bae, 2018). 

AnMBR does not destroy nutrients and produces a nutrient-loaded, high-quality effluent useful for nutrient 

recovery (e.g. struvite crystallization, microalgae cultivation and fertirrigation, among others) (Chen, 2020; 

Guo et al., 2016; Raskin et al., 2012). Indeed, optimizing AnMBR design and operations by the 

assessment of environmental, economic and technological trade-offs enables AD to be operated cost-

effectively with a significant reduction in costs and environmental impact while being a net energy 

producer, unlike conventional aerobic UWW treatments combined with waste sludge AD (Mei et al., 2016; 

Pretel et al., 2016). However, this application still presents some issues that need further consideration, 
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such as: i) the methane concentration dissolved in the effluent, which has to be captured to maximize 

energy harvesting and avoid direct greenhouse gas (GHG) emissions downstream (Cookney et al., 2016; 

Crone et al., 2016; Sanchis-Perucho et al., 2020); ii) the need for a post-treatment step for nutrient 

recovery within the circular economy (Robles et al., 2019a; Ye et al., 2020); or iii) the reduced energy 

harvested due to the competition between methanogens and sulfate-reducing bacteria (SRB) for the 

available substrate when treating UWW with low biodegradable organics-to-sulfate ratios (BOD:SO42--S) 

(see e.g. Giménez et al., 2012b; Lens et al., 1998a; Pretel et al., 2014). Although AnMBR has been put 

forward as a core technology for the sustainable treatment of different waste streams, it is necessary to 

thoroughly explore the role and impact of its drawbacks before its widespread application. AnMBR 

modeling can offer a number of advantages in this field, including the analysis of technical, economic and 

environmental feasibility, technology development, or model-based design. Since it has not yet been 

implemented full-scale for UWW treatment, the design issues are particularly important as they finally 

determine capital costs, operating costs and technical viability.  

Anaerobic digestion (AD) modeling is a mature field largely guided by mechanistic model structures 

defined by understanding the underlying processes (Batstone et al., 2015). The most widely used AD 

model to describe sludge stabilization is the well-known IWA ADM1 (Batstone et al., 2002), which has 

been applied to modeling a large number of AD processes (Donoso-bravo et al., 2011). However, the 

model calibration and validation can be somewhat complex for modeling certain substrates. 

 

The modeling goal should define the complexity level of the model to be selected in order to obtain useful 

information (Donoso-bravo et al., 2011), e.g. understanding metabolic pathways, evaluating effluent 

quality, assessing biogas production and quality, evaluating membrane fouling, etc. For instance, 

simulating methane production or effluent quality in a system treating low-strength wastewater such as 

UWW may require less data on the metabolic pathways for organic degradation than the treatment of 

high-strength wastewaters, while the degradation of more complex substrates (e.g. food waste) could 

require  expanded existing models. One issue of AD modeling deals with selecting and adapting models 
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capable of reproducing the performance of new anaerobic processes such as AnMBR (Robles et al., 

2018b). The model parameters should be optimized specifically for AnMBR technology, since membrane 

filtration can control SRT while modifying the organic loading rate (OLR), thus affecting the limiting or 

controlling mechanisms during AD. Data from an existing AnMBR system would allow specific 

parameters to be tuned. Also, well-balanced model complexity and usability is essential for AnMBRs, e.g. 

one of the key issues  is the type of particle treated (i.e., biomass and solid substrate), since it affects 

membrane performance. The kinetic structure of the biological model should be relatively simple (at least 

two-step) but complex enough to represent the behavior of the particles in the system (Batstone, 2006). 

 

Different modifications are available for adapting ADM1 to different processes (Batstone et al., 2006, 

Zaher et al., 2007, Kythreotou et al., 2014,Batstone et al., 2015). Several authors have proposed simpler 

modeling approaches, e.g. Charfi et al. (2017) developed a mathematical model for AnMBR simulation 

coupling a simplified anaerobic model and another for membrane fouling. The BNRM2 collection model 

proposed by Barat et al. (2013) incorporates a simplification of ADM1 in a general model linked to a  an 

AnMBR filtration model  (Robles et al. 2013b), although sulfate-reducing processes are not incorporated 

in Barat et al. (2013). BNRM2 considers the most important physical, chemical and biological processes 

taking place in WWTPs. The physical processes considered are: sedimentation and gas liquid transfer 

and the chemical are: acid base reactions considered as equilibrium governed processes and 

precipitation and redissolution processes. The bacterial groups considered are: heterotrophic, two groups 

of ammonium oxidizing (k-strategist and r-strategist), nitrite oxidizing, polyphosphate accumulating, 

acidogenic, acetogenic and two groups of methanogenic (acetotrophic and hydrogenotrophic). Copp et 

al. (2005) presented an AD sub-model model extracted from the Mantis collection model on GPS-X 

software which also includes an AnMBR module. Aquino and Stuckey (2008) incorporated soluble 

microbial products (SMPs) and extracellular polymeric substances (EPSs) in a reduced model 

architecture due to the accumulation of SMPs inside AD systems and their effect on other downstream 

processes such as membrane filtration. The AM2b anaerobic model proposed by Benyahia et al. (2013) – 
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a modification of the simple two-step AM2 model (Bernard et al., 2001) – incorporates SMP production 

and degradation pathways to allow integration with a filtration sub-model. However, anaerobic models 

applied to AnMBRs are usually developed or validated for the treatment of high-strength wastewater. 

 

Modeling the amount of methane dissolved in the effluent is essential to evaluate and optimize the 

economic and environmental feasibility of AD systems for sewage treatment, especially when operating 

at low temperatures since the amount of methane that is lost in the effluent can increase by up to 80% 

when operating at temperatures below 15 ºC (Giménez et al., 2014). A post-treatment step for nutrient 

removal and/or recovery might be needed, depending on the sensitivity of the receiving water body. 

Accurately determining effluent quality is thus essential for designing classical or advanced techniques 

for nutrient removal or recovery, such as an ammox process, membrane contactors, bioelectrochemical 

systems, microalgae cultivation, phototrophic bacteria cultivation, fertirrigation, ion exchange, ammonia 

stripping, etc. (Robles et al., 2019).  

 

Modeling sulfate reduction in AD systems is also essential to assess UWW methane production with low 

biodegradable organics to sulfate ratios (BOD:SO4
2--S), where competition between methanotrophs and 

SRB may be a key phenomenon. The most popular anaerobic models dealing with SRB are usually 

complex, and the information contained in parameter values and model structure does not translate well 

to simple design rules (Batstone, 2006). Other authors have modeled these processes at lower 

complexity levels by proposing different numbers of SRB activities and electron donors (Cassidy et al., 

2015). As commented before, selecting complexity levels depends on the modeling goal (e.g. 

understanding metabolic pathways, or evaluating biogas production and quality). For instance, different 

models with a limited number of  SRB pathways have been proposed to simulate the competition 

between methanogens and SRB for acetate (Fomichev and Vavilin, 1997), acetate and hydrogen 

(Ahammad et al., 2011,Harerimana et al., 2013), or simply hydrogen (Batstone, 2006). Increasing the 

number of SRB pathways, Knobel and Lewis (2002) considered five groups of SRB consuming butyrate, 
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lactate, propionate, acetate and hydrogen; Frunzo et al. (2012) also considered five groups of microbes 

(heterotrophic SRB, autotrophic SRB, homoacetogenic bacteria, methanogenic archaea, and acetate-

degrading bacteria); and Kalyuzhnyi and Fedorovich (1998) proposed seven SRB groups. Up to four SRB 

groups consuming butyrate, propionate, acetate and hydrogen were incorporated in the ADM1 by 

(Ahmed and Rodríguez, 2018, 2017, Barrera et al., 2015, Fedorovich et al., 2003) and most of these 

models were developed and validated in AD systems treating high-strength wastewaters. 

 

Due to the low BOD:SO4
2--S, SRB modeling is essential for mainstream AD technology development. 

Although Fedorovich et al. (2003) and other authors have presented useful extensions to the ADM1 for 

sulfate reduction, these extensions usually include several processes that complicate model 

implementation and usability, apart from having been developed for high-strength wastewater. Indeed, 

the simplification proposed by Batstone et al. (2002) aims to avoid these complexities by assessing 

sulfate reduction and only considering the oxidation of available hydrogen by adding hydrogen and 

bicarbonate as separate states. This simplified approach was validated at SO4
2--S:BOD ratios of up to 

approximately 0.1 gS·g-1COD, after which hydrogen is depleted. At higher SO4
2--S:BOD ratios, SRB 

starts to oxidize organic acids, and other metabolic pathways are needed. Thus, a compromise between 

complexity and usability is needed for modeling mainstream AD systems treating wastewaters 

characterized by low BOD:SO4
2—S ratios, such as sulfate-rich UWW. 

 

It is also necessary to adequately reproduce physicochemical dynamics (e.g. gas flow, chemical 

equilibrium and pH calculation) in order to account for other processes affecting AnMBR, such as 

chemical precipitation and membrane scaling. In contrast to other AD systems, gas-assisted AnMBR 

systems are usually operated under gas-saturation, so that gas flow calculations are essential to evaluate 

the dissolved gas content in the effluent. Dissolved methane should be recovered in downstream 

processes to enhance the viability of full-scale AnMBR for UWW treatment. Apart from biogas production, 

adequate representation of saturation and oversaturation of liquid streams is essential in mainstream AD 



7 

 

processes. pH has a strong impact on carbon dioxide transfer, mineral solids precipitation and biological 

conversions. The concentrations of ionic species (acids and bases) in equilibrium with ionic, active state 

variables can also be calculated.  From this equilibrium, precipitation calculations are possible, which is 

essential to evaluate problems related to membrane scaling or the potential nutrient recovery from the 

effluent in downstream processes. Therefore, comprehensive pH and equilibrium prediction is needed to 

evaluate the feasibility of different treatment platforms for resource recovery. 

Deepening the understanding of the mechanistic processes involved could also expand AnMBR 

applicability to address new challenges, such as combining AnMBR with other technologies for the 

recovery of resources, and it is expected to be combined with new or existing technologies for UWW 

treatment (e.g. primary settling, activated sludge processes for nutrient removal, etc.). The integration of 

AnMBR anaerobic models into plant-wide or collection models would help to develop new resource 

recovery platforms, which would assist in selecting the best treatment scheme and optimal operational 

conditions by considering a variety of technological solutions for resource recovery and nutrients removal 

(Seco et al., 2020). For example, Solon et al. (2019) evaluated the effects on plant performance of 

combining techniques to recover resources from wastewater. Other examples are available setting down 

the rules to assist in the conception and design of new schemes (Fernández-Arévalo et al., 2017; 

Lizarralde et al., 2019; Martí et al., 2017).Different studies are also available comparing this technology 

with conventional technologies. For instance, Pretel et al. (2016) contrasted the performance of an 

AnMBR combined with a nutrient-removal post-treatment with different aerobic-based wastewater 

treatment schemes using a plant-wide model. Becker et al. (2017) put forward AnMBR and high-rate 

activated sludge (HRAS) combined with AD for the co-digestion of domestic wastewater and food waste. 

Last, but not least, adequate resource recovery modeling platforms would help (model-based) control 

development of non-linear processes, making it possible to develop and test new control and optimization 

strategies. 

 

Although BNRM2 is a collection model, it fails to simulate the AnMBR performance when treating sulfate-
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rich UWW. In this case, the model overestimates methane production since the SRB are not considered. 

In this context, this paper proposes the BNRM2S, a modified version of the BNRM2 plant-wide model 

(Barat et al., 2013), which can be applied to different anaerobic systems for sulfate-rich UWW treatment, 

such as AnMBR. BNRM2 has a reduced comprehensive structure for the anaerobic degradation of 

organics, including hydrolysis, acidogenesis, acetogenesis, methanogenesis  and the effect of influent 

sulfate on process performance. The model is implemented on DESASS software (Ferrer et al., 2008) 

and was calibrated and validated by data from an AnMBR plant with industrial-scale membranes. The 

paper also gives an overview of current and future challenges in AnMBR modeling. 

 

3. Material and methods 

3.1. AnMBR pilot plant 

The proposed model was calibrated and validated by data from an AnMBR pilot plant at the “Barranco del 

Carraixet” WWTP in Alboraya (Valencia), Spain. The AnMBR consisted of a 1.3 m3 jacketed anaerobic 

reactor connected to two 0.8 m3 membrane tanks. Each membrane tank included one commercial 

ultrafiltration hollow-fiber membrane system (KMS, PUR-PSH31, 0.03-µm pores, 31-m2 filtration area). A 

rotofilter with a screen size of 0.5 mm was installed as pre-treatment. One equalization tank (0.3 m3) and 

one Clean-In-Place tank (0.2 m3) were also included as main elements of the pilot plant. A fraction of the 

produced biogas was continuously recycled to the anaerobic reactor in order to improve the stirring 

conditions and to favor stripping the produced gases from the liquid phase, while another fraction was 

continuously recycled to the bottom of the hollow-fiber membranes to minimize cake layer formation. A 

degassing vessel was installed between each membrane tank and its vacuum pump to recover bubbles 

of biogas in the permeate. A temperature control system was implemented consisting of a warm-water 

tank equipped with a 6 kW heater and a thermostat that maintained the water at 65 ºC. When necessary, 

the temperature in the anaerobic reactor was controlled by a water pump that enabled the warm water to 

flow through the reactor jacket according to the difference between the reactor and set point 

temperatures. Further details of this AnMBR pilot plant can be found in Giménez et al. (2011). 
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3.2. AnMBR pilot plant monitoring 

Different on-line sensors and monitoring equipment were installed in the plant to obtain real-time 

information on the state of the process, such as: gas-flow-rate transmitters (vortex type) in the gas inlets 

to anaerobic reactor and membrane tanks; one gas pressure transmitter (gauge pressure type), which 

monitored the gas pressure in the head of the reactor; one pH-T and one ORP sensor in the anaerobic 

reactor internal sludge recycling; one biogas analyzer to monitor biogas composition (CH4, CO2, H2 and 

H2S); and one gas meter (pulse measurement) to monitor biogas production.  

 

Besides the on-line process monitoring, the following parameters were determined to monitor plant 

performance: total and soluble COD (CODT and CODS), total nitrogen (NT) and total phosphorus (PT) 

were determined once a week;  total and volatile solids (TS and VS), total and volatile suspended solids 

(TSS and VSS), volatile fatty acids (VFA), alkalinity (Alk), sulfate (SO4
2-), sulfide (HS-), total nitrogen (NT), 

total phosphorus (PT), ammonium (NH4
+), and phosphate (PO4

3-) were determined three times a week. 

24-hour-composite samples were taken from influent and effluent streams. Grab samples were taken 

from the mixed liquor. 

 

3.3. Analytical methods 

CODT, CODS, TS, VS, TSS, VSS, SO4
2- (turbidimetric method 4500-SO4

2- E), HS- (methylene blue 

method, 4500-S2- D), PT (Persulfate digestion method, 4500-P B.5, followed by ascorbic acid colorimetric 

method, 4500-P F), NH4
+ (authomated phenate method, 4500-NH3 G) and PO4

3- (ascorbic acid 

colorimetric method, 4500-P F) were determined according to Standard Methods (APHA, 2005). NT was 

determined with commercial total nitrogen cell tests (114537 Merck Millipore), VFA and Alk concentration 

was determined by titration according to the method proposed by Moosbrugger et al. (1992). The 

concentration of dissolved methane in the effluent was indirectly determined through the static-

headspace gas chromatography analysis technique described by Giménez et al. (2012b). Biogas 
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composition was monitored with an Emmerson Process Analytical Gmbh X-stream multiple purpose 

multiparametric gas analyzer after sample conditioning. Non-dispersive Infrared and ultraviolet, and 

termoconductivity analyzers were used for CH4 and CO2, H2, and H2S, respectively.  

 

3.4. AnMBR plant operation 

The plant was continuously operated for 2.5 years with effluent from the pre-treatment of the “Carraixet” 

full-scale WWTP (València, Spain). The pre-treatment step of the full-scale facility consisted of screening 

and sand and grease removal. After an additional pre-treatment of the wastewater in a sieve screw and 

homogenization in an equalization tank, the wastewater was pumped to the anaerobic reactor. The 

average characterization of the influent during the experimental period is shown in Table 1. The influent 

wastewater was characterized by a notably low BOD:SO4
2—S ratio (mean 3.6 ± 1.97 kg BOD·kg-1 SO4-

S), as well as a highly variable load, which enabled calibrating and validating model performance under a 

wide range of influent conditions. Figure 1 shows the evolution during the experimental period of the 

SRT, the hydraulic retention time (HRT), and the temperature. As this figure shows, the entire 

experimental period was divided into 13 operating periods (periods I to XIII), in which the operating 

conditions were: SRT 20 – 70 days, OLR 0.5 – 2 kg COD m3·d-1, and HRT 5 – 24 hours. Temperature 

ranged from 14 to 33 ºC. The AnMBR was firstly operated at a controlled temperature of 33 and 20 ºC 

(days 1-150 and 200-400, respectively), while the system was mostly operated at ambient temperature 

(the temperature controller was switched-off) from day 400 to the end of the experimental period (see 

Figure 1). An in-depth analysis of the experimental data used in this study can be found in Giménez et al. 

(2014, 2012a, 2012b, 2011). 

 

The mixed liquor from the anaerobic reactor was continuously recycled through the membrane tanks, in 

which the effluent was obtained by vacuum filtration. A fraction of the biogas produced in the system was 

recycled to the reactor for stirring purposes through fine bubble diffusers. Biogas recycling flow to the 

reactor was around 0.5 Nm3 per m3 of working volume. Another fraction was recycled to the membrane 
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tanks for membrane scouring for its additional gas stripping effect. The specific gas demand per 

membrane area was around 0.2-0.3 Nm3/h per m2 of membrane. Further details on membrane 

performance can be found elsewhere (see e.g. Robles et al., 2014). This stirring strategy favored the 

mass-transfer of dissolved gases between the liquid and gas phases, thus avoiding oversaturation of 

methane in the effluent (Giménez et al., 2012b). 

 

3.5. Model description 

This paper describes an extended version of the AD sub-model included in the BNRM2 collection model 

(Barat et al., 2013), including SRB-related processes. The AD sub-model has a reduced but 

comprehensive structure based on hydrolysis, acidogenesis, acetogenesis and methanogenesis. All the 

model components and model notations are defined following the standard nomenclature proposed by 

Corominas et al. (2010). 

 

The soluble components considered in the AD sub-model are the following: fermentable readily 

biodegradable substrate not including VFA (SF), fermentation products expressed as propionate 

excluding acetate (SVFA), acetate (SAc), dissolved hydrogen (SH2), dissolved methane (SCH4), total 

inorganic carbon consisting of CO2, HCO3
- and CO3

2-(SIg,C), inert soluble organic material (SU), total 

proton concentration including free protons and those associated with acidic components (SH), 

ammonium plus ammonia nitrogen (SNHx), and orthophosphates (SPO4). Minteqa2 is used to calculate the 

equilibrium, which includes the calculation of ionic species. The particulate components considered are 

the following: inert particulate organic material (XU), particulate biodegradable organic material (XCB), 

acidogenic bacteria (XAO), acetogenic bacteria (XPRO), methanogenic acetoclastic organisms (XACO), 

methanogenic hydrogenotrophic organisms (XHMO) and total suspended solids (XTSS).Due to the reduced 

complexity of the substrate to be consumed (sulfate-rich UWW), only two groups of SRB were 

considered: heterotrophic SRB growing on both VFA (propionate) and acetate, and autotrophic SRB 

growing on hydrogen. As regards sulfate-reducing processes, the extended BNRM2S model considers 4 
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new components split into 2 soluble and 2 particulates: sulfate (SSO4), total sulfide (SS), heterotrophic 

SRB (XHSRO) and autotrophic SRB (XASRO). Only one group of heterotrophic SRB was considered, since it 

was demonstrated in batch experiments (data not shown) that the SRB that degrade both substrates 

should be considered as the same bacterial group. SRB that degrade fermentable readily biodegradable 

substrates (SF) were not considered since acidogenic bacteria outcompete this bacterial group (Widdel, 

1988). Only two groups of SRB were therefore introduced in the model. Heterotrophic SRB are able to 

grow on acetate and propionate. The catabolic reactions are shown in Eqs. (1) and (2)   

CH3COOH + SO4
2- 2CO2 + 2 H2O + S2-                                                                         (Eq. 1) 

CH3CH2COOH + 7/4 SO4
2- 3 CO2 + 3 H2O + 7/4 S2-                                                       (Eq. 2) 

 

Since the extended model is able to calculate H2S concentration, a non-competitive inhibition term for this 

species was included in the kinetic expression of every growth process. 

Figure 2 shows a schematic representation of the biochemical processes included in the AD model 

extracted from the BNRM2S collection model, including sulfate-reducing processes. The stoichiometry of 

the anaerobic sub-model included in BNRM2S and the conversion factors to be applied to the continuity 

equations of the model for N, P, mass, carbon and proton are available as e-supplementary material 

(Table S1 and Table S2). The kinetic expressions of the anaerobic sub-model in BNRM2S are also 

provided as e-supplementary material (Table S3).  A surface-limited reaction was assumed for the kinetic 

expressions of the hydrolysis process, as usually considered in activated sludge models. Monod terms 

are used to model the growth limitation for substrate, electron acceptor and nutrients. Non-competitive 

inhibition terms were used to model thermodynamic inhibitions (high hydrogen concentrations reduce the 

fermentation rate) as well as the microbial inhibitions (growth rate of all the bacterial groups are affected 

by the presence of hydrogen sulfide).  Since it is assumed that SVFA and SA are consumed simultaneously 

by SRB, competitive inhibition terms were included in the corresponding kinetic expressions. The pH 

inhibition function denoted by IpH1 consists of a combination of classical Monod and non-competitive 



13 

 

inhibition switching functions (Barat et al., 2013; Seco et al., 2004) (Eq. 3). 
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The kinetic expressions of the processes make it necessary to calculate the chemical equilibrium to 

obtain the concentration of given inorganic soluble components under its different species (CO2, H2S, 

NH3). For this, acid-base and ion-pairing reactions are included in the model as equilibrium governed 

processes. This equilibrium is described by a set of non-linear algebraic equations including one law of 

mass action for each specie formed in each equilibrium system (Eq. 4) and one mass balance for each 

component (Eq. 5). Instead of using the charge balance for pH calculations, the model considers a mass-

balance for the proton component (i.e. total proton is a model component). The software MINTEQA2 

(Allison et al., 1991) was used for equilibrium and pH calculations. The mathematical formulation of 

MINTEQA2 can be summarized as follows (see MINTEQA2 user's manual version 4.03): 

A system of n independent components that can be combined to form m species is represented by a set 

of mass action expressions in the form of: 





c
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N

j
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a

jii NixKx
1

,2,1         (Eq. 4)  

where xi is the activity of the ith specie, xj is the activity of the jth specie, aij is the stoichiometric coefficient 

of the jth component in the ith specie (see e-supplementary material: Table S4), Ki is the stability constant 

of the ith specie corrected for temperature variations with van’t Hoff equation, Nsp is the number of 

species considered, and Nc is the number of components. 

In addition to the mass action expression, the set of n independent components can be represented by n 

mass balance equations in the form of: 





spN

i

ciijj NjCaT
1

,2,1          (Eq. 5) 
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where Tj is the total concentration of component j calculated in the kinetic model and Ci is the 

concentration of the ith specie. Equilibrium conditions are assumed. 

The activity and concentration of every component or species are related through the corresponding 

activity coefficient, which depends on the ionic strength (Davies’ equation): 

spiii NiCx ,2,1          (Eq. 6) 

where i is the activity coefficient for the ith species. 

Equation 5 shows an example of the mass balance equations for the component NH4
+: 

𝑆𝑁𝐻𝑋 = 𝑆𝑁𝐻4+ + 𝑆𝑁𝐻3        (Eq. 7) 

 

For more information on equilibrium, pH calculation and simulation procedure, see Serralta et al. (2004). 

 

The BNRM2 collection model including SRB-related processes was implemented on DESASS software 

(Ferrer et al., 2008), which allows the user two possibilities for SRT control: i) to establish the SRT, or ii) 

to establish the sludge waste flow rate. In the first case (used for steady-state simulations) the software 

calculates the sludge waste flow rate required to maintain a selected SRT taking into account the 

suspended solids concentration. In the second case (for dynamic simulations), the software calculates 

the SRT value. The software can also set the retention capacity of the membrane to simulate different 

filtration technologies (e.g., microfiltration and ultrafiltration). In this work, ultrafiltration was used, thus 

complete retention of particulate compounds was considered. The model can be linked to a previously 

developed filtration model applied to AnMBR technology (Robles et al. 2013b) through the state variable 

XTSS. 

 

3.6. Model calibration 

The AnMBR plant was continuously run under different operating conditions for 2.5 years to provide 

model development, calibration and validation. On-line calibration was carried out using the pseudo-
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steady state conditions reached at the end of periods IX and XII. The parameters calibrated by this 

method were: maximum growth rates, decay rates, temperature coefficients, half saturation constants for 

substrate and electron acceptor, biomass yields and parameters related to the hydrolysis process. Half 

saturation constants for nutrients and inhibition constants were obtained from the literature. The main 

drawback of on-line calibration is that system dynamics can be reproduced by different sets of parameter 

values, so that off-line lab experiments were also conducted to calibrate the main heterotrophic SRB 

parameters by isolating specific heterotrophic SRB-related processes, mainly based on Sulfate Reduction 

Rate (SRR) measurements. These experiments provided information on the maximum SRB activity under 

certain conditions, including: biomass concentration, substrate and inhibitor concentrations, and 

operating temperature. Different experiments were carried out at different temperatures using different 

initial substrate and sulfate concentrations to determine the yield of heterotrophic SRB, the sulfate half-

saturation constant, and the acetate and propionate half-saturation constants. The temperature was 

controlled by a thermostated water bath. During these experiments the time evolution of sulfate and VFA 

concentrations was measured. Since sulfide is oxidized to sulfate during the analytical procedure, sulfide 

was precipitated to obtain accurate sulfate concentration measurements.  

 

The constrained Rosenbrock optimization method was applied to obtain the parameter values that were 

dynamically determined (on-line calibration). The AnMBR plant was simulated in an iterative process 

aimed at minimizing the sum of square relative errors. The variables used for the optimization were: 

soluble and total COD, sulfate and sulfide effluent concentrations, total and volatile suspended solids in 

the AnMBR, alkalinity, biogas flow rate and biogas composition (%CH4). The simulations started with 

initial model parameter values from the literature and were modified in successive simulations according 

to the results obtained within the previously established range and stopped when the set precision was 

reached. The tolerance criterion was set to 0.001 for each variable and the maximum number of 

iterations was set to 1500 for the optimization method. The model parameter values obtained were used 

for validating the model under steady-state and dynamic conditions. 



16 

 

 

The mass transfer coefficient for dissolved methane (𝐾𝐿𝑎)𝐶𝐻4) was obtained by establishing the 

dissolved methane concentration as the 102% of the saturation concentration. When used to minimize 

membrane fouling, gas sparging avoids methane supersaturation. According to Merkel and Krauth (1999) 

the mass transfer coefficient for the rest of the gaseous species can be calculated from the methane 

coefficient using Eq (6)  

𝐾𝐿𝑎)𝑖 = 𝐾𝐿𝑎)𝐶𝐻4 · √
𝐷𝑖

𝐷𝐶𝐻4
 (Eq. 8) 

where KLa)i is the mass-transfer coefficient of the gas i (d-1); Di is the diffusivity of the gas i. 

 

3.7. Model validation 

Five operating periods were selected for model validation under dynamic conditions: periods II, VI, IX, X, 

and XII, covering a wide range of the main operational parameters (SRT varied between 20 and 70 days, 

temperature between 20 and 33 ºC and HRT between 12 and 30 hours). The pseudo-steady state 

conditions reached at the end of these periods were used to validate the steady-state model. These 

periods were simulated to verify that both the model and the calibrated parameters were able to 

reproduce the plant behavior in operating conditions other than those used for mathematical fitting. 

 

4. Results and discussion 

4.1.  Parameter calibration 

Table 2 collects the stoichiometric and kinetic parameters resulting from the model calibration. It should 

be noted that the parameters related to SRB obtained a higher value for biomass yield than that obtained 

for the other bacterial groups, also the significant difference between the half saturation constant for 

acetate (5.12 mg COD·L-1) and propionate (29.4 mg COD·L-1). The high biomass yield was due to the 

external electron acceptor used by SRB, which leads SRB to outcompete methanogenic bacteria. The 

low propionate concentrations usually present in the AnMBR systems lead to acetogenic bacteria 
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outcompeting heterotrophic SRB because of the significant difference between half saturation constants 

for both bacterial groups (2.2 mg COD·L-1 for XPRO and 29.4 mg COD·L-1 for XASRO).  

 

4.2. Steady-state model performance 

Table 3 shows the results of the simulation of the pseudo-steady state conditions reached at the end of 

periods VI, IX, X and XII. The comparison of the modeled and experimental data for the main 

characteristics of permeate, waste sludge and biogas showed that the model was able to reproduce the 

AnMBR performance in different steady-state conditions.  

 

4.3. Dynamic model performance 

To validate the model behavior in dynamic conditions, five operating periods conducted at different SRTs 

(70, 40, 30, 40 and 20 days) were simulated (periods II, VI, IX, X and XII, respectively). In these periods, 

the main operational parameters were modified (SRT from 70 d to 40 d in period VI, and from 30 d to 40 

d in period X; temperature from 15ºC to 20ºC in period IX and from 20ºC to 30ºC in period XI and HRT 

from 17 h to 11 h in period II, and from 15 h to 40h in period XI). Figures 3 to 5 show the experimental 

results obtained in the AnMBR plant (dashed lines) compared to the model predictions (continuous lines). 

Additional periods are provided as e-supplementary material (Figure S1 and Figure S2). 

 

Figure 3 shows the simulation results for period II. During this period, operating temperature and SRT 

remained virtually constant, while the HRT was gradually reduced from 17 to 11 hours. As Figure 3a 

shows, TS and VS increased in the mixed liquor due to the reduced HRT. From day 70 to 80 approx., 

there were peaks in OLR (see COD/SO4
2--S ratio in Figure 3g), which were reflected in the accumulation 

of VFA and ammonium (see Figure 3c and Figure 3d, respectively). Figure 3g also shows that the 

organic peak loads promoted the growth of both acidogenic (XAO) and acetogenic (XPRO) organisms. The 

increased fermentation produced more hydrogen, which was completely consumed by the autotrophic 

SRB (XASRO), as shown by the absence of hydrogenotrophic methanogens (XHMO). These results are in 
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agreement with the expected trend, since XASRO gain more energy from hydrogen consumption and have 

higher substrate affinity, maximum growth rate and biomass yield than XHMO  (see Table 2). Conversely, 

organic peak loads resulted in a decrease of heterotrophic SRB (XHSRO) concentration, since more sulfate 

was consumed by XASRO. The higher availability of acetate derived from the COD/SO4
2--S peaks and the 

reduced XHSRO thus increased acetoclastic methanogen (XAMO) concentration. 

 

Figure 4 gives the simulation results for period VI. At the beginning of this period, SRT was reduced from 

70 to 40 days. Mixed liquor VS and TS gradually dropped due to the increase in the waste sludge 

associated with the lower SRT (see Figure 3a). The lower SRT and organic loading rate (HRT was 

increased from 24 h to 34 h) led to a reduced concentration of most of the bacterial groups, SRB being 

one of the most affected heterotrophics (see Figure 4g). It is Important to note the behavior between days 

470 and 490, when high sulfate and low sulfide effluent concentrations were observed (see Figure 4e) as 

a consequence of the low influent organic load, which restricted sulfate-reducing processes. The sulfide 

produced was distributed among its different species, depending on the pH. According to Lens et al. 

(1998), only the first dissociation equilibrium of H2S is of important at neutral pH, so that most of the 

sulfide produced was present either as the undissociated form (H2S) or the ionic species HS-, the 

concentration of S2- being negligible. The undissociated form is presumably responsible for the inhibitory 

effect of sulfide, since only uncharged molecules can permeate the cell membrane (Maree and Strydom, 

1985). For instance, for the operating temperature of period VI, the pKa of the first dissociation 

equilibrium of H2S is around 6.9 (Lens et al. 1998), indicating that only the undissociated form H2S and 

the ionic species HS- concentrations were significant. Specifically, the AnMBR pH during this period was 

around 6.9, resulting in H2S concentrations around 80% of the total sulfide produced. Fedorovich et al. 

(2003) reported 50% inhibitory values of H2S (KI,[H2S]) for several microbial groups considering first order 

inhibition kinetics (see Table 2). The most sensitive groups to H2S inhibition were hydrogenotrophic and 

acetotrophic methanogens (XHMOand XACO, respectively), whose activity was half inhibited at H2S 

concentrations of 213 and 245 mg H2S-S·L-1. Sulfate reducer activity was half inhibited at H2S 
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concentrations of 265 mg H2S-S·L-1. SRO and methanogenic activity was thus slightly inhibited during the 

experimental period. 

 

Figure 5 shows the simulation results for period X, during which SRT was raised from 30 to 40 days while 

ambient temperature remained around 20 ºC, which increased solids concentration in the mixed liquor 

(see Figure 5a).Sulfate was not completely consumed by the SRB at the beginning of period X (see 

Figure 5e). During this period, sulfate concentration rose to 139 mg SO4
2--S·L-1, while the average 

influent value was 108 mg SO4
2--S·L-1. The extra sulfate load in the system intensified the competition 

between SRB and methanogens for the available substrates as a result of the reduced COD/SO4
2--S 

ratio. Initially, the existing SRB population was not able to completely consume the available sulfate. 

However, they gradually outcompeted the methanogens, as shown by the shrinking biogas production 

and the rising XASRO (see Figure 5b and Figure 5g, respectively). This increase in influent sulfate 

concentration affected methane production, and the influent flow was doubled between days 675 and 

685, thus affecting both the loading rate entering the system and the extraction of compounds such as 

dissolved methane due to a significant decrease in the HRT. The higher COD/SO4
2--S ratio between days 

674 and 694 promoted the growth of XAO, XPRO, XASRO and reduced the concentration of XHSRO. As in 

period II, the availability of acetate stimulated the growth of XACO. 

 

Sub-plot g in Figures 3 to 5 shows the population dynamics predicted by the model. Autotrophic sulfate 

reducers (XASRO) outcompeted hydrogenotrophic methanogens (XHMO) since, according to process 

fundamentals, XASRO gain more energy from hydrogen consumption, and have higher substrate affinity, 

growth rate and cell yield than XHMO (Lens et al., 1998). Indeed, XHMO concentration was negligible during 

the whole experimental period and the electrons from the hydrogen produced were derived to sulfide 

rather than to methane, proportionally reducing the UWW methane potential. Sulfate was consumed 

preferentially by XASRO as long as hydrogen and sulfate were present. This is in agreement with the 

findings by Laanbroek et al. (1984), who reported autotrophic SRB Desulfovibrio spp having a higher 
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affinity for the substrates than other heterotrophic SRB (Desulfobulbus spp and Desulfobacter spp) under 

sulfate-limited environments. This is the reason why the concentration of heterotrophic sulfate reducers 

(XHSRO) was inversely affected by the organic loading rate, which enhanced hydrogen production via 

fermentation. XHSRO can metabolize a wide range of substrates and competed for the common substrates 

with acetogens (XPRO) and acetoclastic methanogens (XACO) as long as sulfate was left from the 

autotrophic sulfate reduction. The concentration of XPRO remained virtually steady during each period, 

indicating that XPRO successfully competed with XHSRO. Conversely, in spite of the residual acetate-

derived methane production, a decreasing trend was detected for XACO when sulfate was not limited (low 

organic load episodes during summer periods VI and XII). In any case, XHSRO were sulfate-limited most of 

the time and it was completely reduced as long as the BOD:SO4
2--S ratio was above the stoichiometric 

threshold (2 g BOD g-1 S). Under sulfate-limited conditions, acetate electrons were also derived towards 

sulfide rather than to methane, reducing the UWW methane potential. A lower methane potential entails a 

loss of energy efficiency for the system, since less energy can be recovered either as power or heat.  

 

4.4. Overall model performance 

The results of the model validation for all the variables evaluated throughout all the operating periods 

gave an overall R2 coefficient of 0.9966 (see e-supplementary material: Figure S3, which represents a 

scatter plot of the simulated values versus the experimental data). The graph includes more than 1000 

pairs of data, showing the reproducibility of the model and the parameters fitted from experimental data 

collected from the pilot plant. Besides the operating dynamics (SRT, HRT and T) and influent 

characterization, the model was able to accurately reproduce the process performance. It should be 

noted that the model reproduced the solids concentration dynamics in the mixed liquor, which is essential 

in AnMBRs due to the need to integrate both biochemical and filtration models. The AD sub-model was 

coupled to a filtration model through the mixed liquor TS concentration, also developed, calibrated and 

validated with the data from the AnMBR plant. Further details of the filtration model and the integration 

with the biochemical model can be found in Robles et al. (2014, 2013b, 2013a). 
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The model also faithfully reproduced the dynamics of both alkalinity and pH in the mixed liquor.  Besides 

chemical precipitation also affecting membrane scaling, alkalinity and pH affect species equilibrium and 

gas-liquid transfer processes. In this respect, it is vital to minimize oversaturation of dissolved gases in 

the liquid phase, which can be achieved by adequate reactor stirring optimization. As pH also plays a key 

role in the equilibrium of other dissolved gases (e.g. NH3, H2S) between liquid and gas phases, thus 

affecting the quality of the biogas produced, accurate modeling of dissolved gas concentration and pH is 

needed to evaluate and optimize AnMBR feasibility for UWW treatment at ambient temperatures.  

 

The simulation data satisfactorily represented experimental data related to SRB processes, which have a 

significant impact on the performance of the AnMBR fed with sulfate-rich UWW. Results from other 

compounds such as VFA and methane production also accurately reproduced the interactions between 

SRB and methanogens, with a lower complexity level than other available models. It was also able to 

capture the reduced biogas production from SRB/methanogens competition during low COD/SO4
2--S ratio 

events (see Figure 5b). The model’s population shift predictions showed that acidogenic bacteria 

concentrations were mainly dependent on the system’s organic loading rate, whose trend was accurately 

described by the COD/SO4
2--S ratio, and the temperature, which strongly affects the hydrolysis rate. 

Since hydrogen was mainly produced during fermentation, the concentration of autotrophic SRB followed 

the same trend. The higher the concentration of XASRO, the higher the sulfate reduced autotrophically and 

the lower the XHSRO concentration. All the methane production was due to acetoclastic methanogens, 

since hydrogenotropic methanogens were outcompeted by autrotropihc SRB.  

It should be noted that the model could require a widened structure depending, for instance, on the 

substrate degradation complexity or the objective of the modeling task. In this respect, Ahmed and 

Rodríguez (2018) also stated that complex model structures are only recommended for specific 

experimental cases. These authors evaluated the complexity of five ADM1-based model structures 

differing in the number of SRB groups considered and based on the electron donors used. Their objective 

was to evaluate the accuracy of each modeling approach for different aims, thus helping developers and 
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users to decide on the appropriate degree of complexity required. The results found that it is possible to 

simulate the AD of cane molasses with high COD and high sulfate feed, even when only acetate-utilizing 

and hydrogen-utilizing SRB are considered, achieving a good performance/complexity balance in terms 

of prediction errors against experimental data.  

 

Determining the biological complexity for the modeling goal (particularly the inclusion of alternative 

electron sinks) is thus a key issue, while a benchmark modeling framework including standardized 

calibration protocols could be needed to deal with possible microbial ecology shifts affecting model 

accuracy.  

 

4.5. Implications for AnMBR implementation 

As already mentioned, modeling sulfate-reducing processes is a vital part of evaluating the feasibility of 

AnMBR for UWW treatment because of different factors. 

 

Modeling the amount of methane produced facilitates the design and selection of suitable approaches for 

dissolved methane capture or removal. For the former, degasification by non-porous membranes and 

micro-porous membrane contactors are promising technologies for dissolved methane recovery. Some 

authors have reported net energy recoveries when capturing the methane dissolved in AnMBR effluents 

through membrane processes (Cookney et al., 2016; Henares et al., 2017), while others obtained high 

nitrogen removal rates when using dissolved methane as the electron donor for denitrification in a post-

treatment process (Sánchez-Ramírez et al. 2015; Pelaz et al. 2018). 

 

Concerning corrosion issues, AnMBR biogas contains variable amounts of H2S, which can affect all 

biogas conversions and equipment. The H2S concentration in the biogas was much higher than in 

conventional AD, likely due to the much lower COD/SO4
2--S ratio in the UWW than in other AD substrates 

(e.g. sewage sludge). The H2S content in the AnMBR biogas ranged from around 10000 to 25000 ppm, 
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which were adequately reproduced by the model. As the quality requirements depend on the use the 

biogas is to be put to, acid-biogas “sweetening” could be required, according to the H2S tolerance of the 

CHP technology used, before it can be energetically valorized, since H2S is transformed into highly 

corrosive sulfuric acid on combustion. 

 

A post-treatment step could be required for effluent nutrient removal or recovery, depending on the 

characteristics of the receiving water body. It could also be necessary to remove sulfide, since it can be 

detrimental to downstream processes. Sulfide contributes to the effluent COD, which has discharge limits 

in most countries. Last, but not least, recovery of dissolved methane, which is an energy carrier with high 

global warming potential, could help to reduce GHG emissions while enhancing the system’s energy 

recovery potential, which means it is essential to accurately reproduce effluent quality for designing 

classical or advanced techniques for nutrient, sulfide or dissolved methane removal or recovery. For 

instance, the high-quality nutrient-loaded permeate produced makes it suitable for fertigation. 

Nevertheless, when fertigation is limited by regulations, a combination of AnMBR with a nutrient recovery 

post-treatment method can be used, e.g. membrane contactors, ion exchange, or photosynthetic 

bioreactors. Most of these systems require solid- and sulfide-free influents with low organic contents, so 

that modeling effluent quality in terms of VFA and other organics or sulfide is needed to evaluate the 

technical, economic and environmental feasibility of combining AnMBR with selected post-treatments. 

Since a single optimal technological solution for the whole range of situations has yet to be proposed, 

modeling nutrient, sulfide and dissolved methane effluent quality would help to evaluate not only the 

technical feasibility of the solution but also different environmental impact indexes, such as prevention of 

eutrophication in aquatic environments, reduction of the environmental impact of phosphate mining, or 

reducing the energy demand for chemical fertilizer production. Plant-wide modeling would also assist in 

the selection of optimized layouts for resource recovery and removal, such as combining AnMBR with an 

AS-based post-treatment for nutrient removal, or AnMBR with classical and emerging technologies for 

nutrient recovery (see e.g. Robles et al., 2020). 
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5. Conclusions 

The extended BNRM2S model successfully reproduced the performance of an AnMBR pilot plant that 

treated sulfate-rich UWW under different conditions. Despite the operating dynamics (SRT, HRT and T) 

and influent composition, the model was able to reproduce the process performance and successfully 

captured influent loading rate dynamics and effluent quality, which is essential for designing classical or 

advanced nutrient removal or recovery techniques. High-sulfate and low-sulfide effluent concentrations 

were also reproduced at lower influent BOD:SO4
2--S ratios. In this respect, modeling the competition 

between SRB and methanogens, which affect methane production, facilitates the design and selection of 

suitable approaches for dissolved methane capture or removal. The proposed model can thus be used 

for different purposes: designing and upgrading AnMBR and other anaerobic systems, evaluating 

process performance in different situations or developing control strategies to optimize process 

performance. 
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Figure 1. Evolution during the experimental period of daily average values for (a) sludge retention time (SRT), (b) hydraulic retention time 

(HRT), and mixed liquor temperature in the reactor. 
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Figure 2. Schematic representation of the biochemical processes included in the anaerobic model extracted from the 

collection model BNRM2S and the additional processes for sulfate reducing modelling. 
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Figure 3. Dynamic simulation of period II (SRT of 70 days, temperature of 33 ºC and HRT of 17 to 11 hours). 

Evolution of: (a) VS, and TS in the mixed liquor; (b) methane production; (c) VFA concentration in the mixed liquor; 

(d) ammonium and phosphate in the mixed liquor; (e) sulfide and sulfate in the effluent; (f) alkalinity and pH in the 

mixed liquor; and (g) COD/SO4
-2-S ratio and microbial populations (XAO: acidogens; XPRO: acetogens; XACO: 

acetoclastic methanogens; XHMO: Hydrogenotrophic methanogens; XHSRO: heterotrophic sulfate reducers; XASRO: 

autotrophic sulfate reducers). (Experimental results are represented by points and model predictions are 

represented by continuous lines).  
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Figure 4. Dynamic simulation of period VI (SRT of 70 to 40 days, temperature of 29 ºC and HRT of 34 hours). 

Evolution of: (a) VS, and TS in the mixed liquor; (b) methane production; (c) VFA concentration in the mixed liquor; 

(d) ammonium and phosphate in the mixed liquor; (e) sulfide and sulfate in the effluent; (f) alkalinity and pH in the 

mixed liquor; and (g) COD/SO4
-2-S ratio and microbial populations (XAO: acidogens; XPRO: acetogens; XACO: 

acetoclastic methanogens; XHMO: Hydrogenotrophic methanogens; XHSRO: heterotrophic sulfate reducers; XASRO: 

autotrophic sulfate reducers). (Experimental results are represented by points and model predictions are 

represented by continuous lines).  
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Figure 5. Dynamic simulation of period X (SRT of 30 to 40 days, temperature of 20.5 ºC and HRT of 15 hours). 

Evolution of: (a) VS, and TS in the mixed liquor; (b) methane production; (c) VFA concentration in the mixed liquor; 

(d) ammonium and phosphate in the mixed liquor; (e) sulfide and sulfate in the effluent; (f) alkalinity and pH in the 

mixed liquor; and (g) COD/SO4
-2-S ratio and microbial populations (XAO: acidogens; XPRO: acetogens; XACO: 

acetoclastic methanogens; XHMO: Hydrogenotrophic methanogens; XHSRO: heterotrophic sulfate reducers; XASRO: 

autotrophic sulfate reducers). (Experimental results are represented by points and model predictions are 

represented by continuous lines). 
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Table 1. Average influent characterization during the experimental period. 

Parameter Units Mean SD* 

CODT mg·L-1 597.9 266.2 

CODS mg·L-1 83.3 22.0 

BODT mg·L-1 391.4 140.8 

BODS mg·L-1 64.3 19.7 

VFA mg COD·L-1 8.1 7.9 

Ammonium mg NH4+-N·L-1 32.8 9.0 

Phosphate mg PO43--P·L-1 4.1 1.7 

Sulfate mg SO42--S·L-1 108.3 20.0 

TSS mg·L-1 312.4 181.6 

VSS mg·L-1 250.9 146.9 

Alkalinity mg CaCO3·L-1 337.7 64.5 

*Standard deviation 
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Table 2. Stoichiometric and kinetic parameters (20ºC). 1 

Symbol Parameter Default value Units Source 

Anaerobic hydrolysis by XAO 

𝒒𝐀𝐎,𝐗𝐂𝐁_𝐒𝐅,𝐡𝐲𝐝 Maximum hydrolysis rate  28.58 d-1 Calibrated 

𝜽𝐡𝐲𝐝,𝐀𝐎 Arrhenius equation coefficient for 𝑞AO,XCB_SF,hyd 1.066 Dimensionless Calibrated 

𝑲𝐗𝐂𝐁,𝐀𝐎 Half saturation value for 𝑋𝐶B
 194.5 mg COD·L-1 Calibrated 

𝒇𝐒𝐔_𝐗𝐂𝐁,𝐡𝐲𝐝  Yield of 𝑆U generated 0.003 Dimensionless Calibrated 

Acidogenic bacteria (XAO) 

𝝁𝐀𝐎,𝐌𝐚𝐱 Monod maximum specific growth rate 1.56 d-1 Calibrated 

𝜽𝝁,𝐀𝐎 Arrhenius equation coefficient for 𝜇AO,Max 1.033 Dimensionless Calibrated 

𝒃𝐀𝐎 First order decay rate  0.122 d-1 Calibrated 

𝜽𝒃,𝐀𝐎 Arrhenius equation coefficient for 𝑏AO 1.066 Dimensionless Calibrated 

𝑲𝐒𝐅,𝐀𝐎 Half saturation value for 𝑆F
 5.4 mg COD·L-1 Calibrated 

𝑲𝐈,𝐀𝐜,𝐀𝐎 50% inhibitory value for 𝑆Ac
 6500 mg COD·L-1 Serralta, 2004 

𝑲𝐈,𝐇𝟐,𝐀𝐎 50% inhibitory value for H2
 4.26272 mg COD·L-1 Siegrist et al., 1993 

𝑲𝐈,[𝐇𝟐𝐒],𝐀𝐎 50% inhibitory value for H2S 257 mg H2S-S·L-1 Fedorovich et al., 2003 

𝑲𝐒,𝐇,𝐀𝐎 Half saturation value for pH 0.0000002 mol H+·L-1 Serralta, 2004 

𝑲𝐈,𝐇,𝐀𝐎 50% inhibitory value for pH 0.00435 mol H+·L-1 Serralta, 2004 

𝒀𝐀𝐎 Yield of biomass on substrate 𝑋AO 0.142 mg COD·mg-1 COD Calibrated 

𝒇𝐗𝐔_𝐀𝐎,𝐥𝐲𝐬 Yield of 𝑋U generated during decay 0.2 Dimensionless Siegrist et al., 2002 

𝒇𝐒𝐅_𝐀𝐜,𝐀𝐎 Yield of 𝑆F transformed in 𝑆Ac 0.274 Dimensionless Calibrated 

𝒇𝐒𝐅_𝐕𝐅𝐀,𝐀𝐎 Yield of 𝑆F transformed in 𝑆VFA 0.401 Dimensionless Calibrated 

Acetogenic bacteria (XPRO) 

𝝁𝐏𝐑𝐎,𝐌𝐚𝐱 Monod maximum specific growth rate  1.59 d-1 Calibrated 

𝜽𝝁,𝐏𝐑𝐎 Arrhenius equation coefficient for 𝜇PRO,Max 1.043 Dimensionless Calibrated 

𝒃𝐏𝐑𝐎 First order decay rate  0.015 d-1 Calibrated 

𝜽𝒃,𝐏𝐑𝐎 Arrhenius equation coefficient for 𝑏PRO 1.032 Dimensionless Calibrated 

𝑲𝐕𝐅𝐀,𝐏𝐑𝐎 Half saturation value for 𝑆VFA
 2.2 mg COD·L-1 Calibrated 

𝑲𝐈,𝐀𝐜,𝐏𝐑𝐎 50% inhibitory value for 𝑆Ac
 1500 mg COD·L-1 Siegrist et al., 1993 

𝑲𝐈,𝐇𝟐,𝐏𝐑𝐎 50% inhibitory value for H2
 0.66939 mg COD·L-1 Siegrist et al., 1993 

𝑲𝐈,[𝐇𝟐𝐒],𝐏𝐑𝐎 50% inhibitory value for H2S 257 mg H2S-S·L-1 Fedorovich et al., 2003 

𝑲𝐒,𝐇,𝐏𝐑𝐎 Half saturation value for pH 0.00001 mol H+·L-1 Siegrist et al., 1993 

𝑲𝐈,𝐇,𝐏𝐑𝐎 50% inhibitory value for pH 0.00063 mol H+·L-1 Siegrist et al., 1993 

𝒀𝐏𝐑𝐎 Yield of biomass on substrate  0.061 mg COD·mg-1 COD Calibrated 

𝒇𝐗𝐔_𝐏𝐑𝐎,𝐥𝐲𝐬 Yield of 𝑋U generated during decay 0.2 Dimensionless Siegrist et al., 2002 

𝒇𝐕𝐅𝐀_𝐀𝐜,𝐏𝐑𝐎 Yield of 𝑆VFA transformed in 𝑆Ac 0.258 Dimensionless Calibrated 

Methanogenic acetoclastic organisms (XACO) 

𝝁𝐀𝐂𝐎,𝐌𝐚𝐱 Monod maximum specific growth rate 0.20 d-1 Calibrated 

𝜽𝝁,𝐀𝐂𝐎  Arrhenius equation coefficient for 𝜇ACO,Max 1.031 Dimensionless Calibrated 

𝒃𝐀𝐂𝐎 First order decay rate 0.010 d-1 Calibrated 

𝜽𝒃,𝐀𝐂𝐎 Arrhenius equation coefficient for 𝑏ACO 1.076 Dimensionless Calibrated 

𝑲𝐀𝐜,𝐀𝐂𝐎 Half saturation value for 𝑆Ac
 7.2 mg COD·L-1 Calibrated 

𝑲𝐈,[𝐇𝟐𝐒],𝐀𝐂𝐎 50% inhibitory value for H2S 245 mg H2S-S·L-1 Fedorovich et al., 2003 

𝑲𝐒,𝐇,𝐀𝐂𝐎 Half saturation value for pH 0.00001 mol H+·L-1 Siegrist et al., 1993 

𝑲𝐈,𝐇,𝐀𝐂𝐎 50% inhibitory value for pH 0.00063 mol H+·L-1 Siegrist et al., 1993 

𝒀𝐀𝐂𝐎 Yield of biomass on substrate 0.054 mg COD·mg-1 COD Calibrated 

𝒇𝐗𝐔_𝐀𝐂𝐎,𝐥𝐲𝐬  Yield of 𝑋U generated during decay  0.20 Dimensionless Siegrist et al., 2002 

Methanogenic hydrogenotrophic organisms (XHMO) 
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Symbol Parameter Default value Units Source 

𝝁𝐇𝐌𝐎,𝐌𝐚𝐱 Monod maximum specific growth rate 0.81 d-1 Calibrated 

𝜽𝝁,𝐇𝐌𝐎 Arrhenius equation coefficient for 𝜇HMO,Max 1.030 Dimensionless Calibrated 

𝒃𝐇𝐌𝐎 First order decay rate 0.152 d-1 Calibrated 

𝜽𝒃,𝐇𝐌𝐎 Arrhenius equation coefficient for 𝑏HMO 1.064 Dimensionless Calibrated 

𝑲𝐇𝟐,𝐇𝐌𝐎 Half saturation value for H2
 0.889 mg COD·L-1 Calibrated 

𝑲𝐈𝐠,𝐂,𝐇𝐌𝐎 Half saturation value for 𝑆Ig,C 0.000005 mol C·L-1 Henze et al., 1999 * 

𝑲𝐈,[𝐇𝟐𝐒],𝐇𝐌𝐎 50% inhibitory value for H2S 213 mg H2S-S·L-1 Fedorovich et al., 2003 

𝑲𝐒,𝐇,𝐇𝐌𝐎 Half saturation value for pH 0.00001 mol H+·L-1 Siegrist et al., 1993 

𝑲𝐈,𝐇,𝐇𝐌𝐎 50% inhibitory value for pH 0.00063 mol H+·L-1 Siegrist et al., 1993 

𝒀𝐇𝐌𝐎 Yield of biomass on substrate 0.021 mg COD·mg-1 COD Calibrated 

𝒇𝐗𝐔_𝐇𝐌𝐎,𝐥𝐲𝐬  Yield of 𝑋U generated during decay 0.2 Dimensionless Siegrist et al., 2002 

Autotrophic sulfate-reducing organisms (XASRO) 

𝝁𝐀𝐒𝐑𝐎,𝐌𝐚𝐱 Monod maximum specific growth rate 1.43 d-1 Calibrated 

𝜽𝝁,𝐀𝐒𝐑𝐎 Arrhenius equation coefficient for 𝜇ASRO,Max 1.100 Dimensionless Calibrated 

𝒃𝐀𝐒𝐑𝐎 First order decay rate 𝑋ASRO 0.021 d-1 Calibrated 

𝜽𝒃,𝐀𝐒𝐑𝐎 Arrhenius equation coefficient for 𝑏ASRO 1.066 Dimensionless Calibrated 

𝑲𝐒𝐎𝟒,𝐀𝐒𝐑𝐎 Half saturation value for SO4
2– 0.25 mg SO4-S·L-1 Calibrated 

𝑲𝐇𝟐,𝐀𝐒𝐑𝐎 Half saturation value for H2 0.100 mg COD·L-1 Calibrated 

𝑲𝐈𝐠,𝐂,𝐀𝐒𝐑𝐎 Half saturation value for 𝑆Ig,C 0.000005 mol C·L-1 Henze et al., 1999 *  

𝑲𝐈,[𝐇𝟐𝐒],𝐀𝐒𝐑𝐎 50% inhibitory value for H2S 265 mg H2S-S·L-1 Fedorovich et al., 2003 

𝑲𝐒,𝐇,𝐀𝐒𝐑𝐎 Half saturation value for pH 0.00001 mol H+·L-1 Siegrist et al., 1993 

𝑲𝐈,𝐇,𝐀𝐒𝐑𝐎 50% inhibitory value for pH 0.00063 mol H+·L-1 Siegrist et al., 1993 

𝒀𝐀𝐒𝐑𝐎 Yield of biomass on substrate 0.147 mg COD·mg-1 COD Calibrated 

𝒇𝐗𝐔_𝐀𝐒𝐑𝐎,𝐥𝐲𝐬 Yield of 𝑋U generated during decay 0.2 Dimensionless Siegrist et al., 2002 

Heterotrophic sulfate-reducing organisms (XHSRO) 

𝝁𝐇𝐒𝐑𝐎,𝐌𝐚𝐱 Monod maximum specific growth rate 0.62 d-1 Calibrated*** 

𝜽𝝁,𝐇𝐒𝐑𝐎 Arrhenius equation coefficient for 𝜇HSRO,Max 1.077 Dimensionless Calibrated*** 

𝒃𝐇𝐒𝐑𝐎 First order decay rate 𝑋HSRO 0.068 d-1 Calibrated*** 

𝜽𝒃,𝐇𝐒𝐑𝐎 Arrhenius equation coefficient for 𝑏HSRO 1.067 Dimensionless Calibrated*** 

𝑲𝐒𝐎𝟒,𝐇𝐒𝐑𝐎 Half saturation value for SO4
2– 9.3 mg SO4-S·L-1 Calibrated*** 

𝑲𝐕𝐅𝐀,𝐇𝐒𝐑𝐎 Half saturation value for 𝑆VFA 29.4 mg COD·L-1 Calibrated*** 

𝑲𝐀𝐜,𝐇𝐒𝐑𝐎 Half saturation value for 𝑆Ac 5.12 mg COD·L-1 Calibrated*** 

𝑲𝐈,[𝐇𝟐𝐒],𝐇𝐒𝐑𝐎 50% inhibitory value for H2S 265 mg H2S-S·L-1 Fedorovich et al., 2003 

𝑲𝐒,𝐇,𝐇𝐒𝐑𝐎 Half saturation value for pH 0.00001 mol H+·L-1 Siegrist et al., 1993 

𝑲𝐈,𝐇,𝐇𝐒𝐑𝐎 50% inhibitory value for pH 0.00063 mol H+·L-1 Siegrist et al., 1993 

𝒀𝐇𝐒𝐑𝐎 Yield of biomass on substrate 0.362 mg COD·mg-1 COD Calibrated*** 

𝒇𝐗𝐔_𝐇𝐒𝐑𝐎,𝐥𝐲𝐬  Yield of 𝑋U generated during decay 0.2 Dimensionless Siegrist et al., 2002 

General parameters 

𝑲𝐍𝐇𝐱 Half saturation value (catabolism only) for NH4
+ 0.05 mg NH4-N·L-1 Henze et al., 1999 ** 

𝑲𝐏𝐎𝟒 Half saturation value (catabolism only) for PO4
3– 0.01 mg PO4-P·L-1 Henze et al., 1999 ** 

*Autotrophs. ** Heterotrophs. *** Off line experiments 2 
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Table 3. Simulation results for the pseudo-steady state reached at the end of period VI (SRT of 40 days, temperature of 29 ºC and HRT of 34 hours), period IX (SRT of 30 days, temperature of 20 3 

ºC and HRT of 17.5 hours), period X (SRT of 40 days, temperature of 20.5 ºC and HRT of 15 hours) and period XII (SRT of 20 days, temperature of 27.3 ºC and HRT of 14 hours).  4 

Stream Parameter 

PERIOD VI PERIOD IX PERIOD X PERIOD XII 

Experimental Modelled Experimental Modelled Experimental Modelled Experimental Modelled 

Mean SD* Mean Mean SD* Mean Mean SD* Mean Mean SD* Mean 

Effluent 

CODS (mg·L-1) 76.8 40.1 76.8 73.1 4.5 75.3 102.6 14.3 102.9 82.2 29.2 78.8 

VFA (mg COD·L-1) <LQ  <LQ <LQ  2.4 <LQ  2.0 <LQ  3.0 

Ammonium (mg NH4+-N·L-1) 38.3 7.1 38.3 55.0 9.4 52.8 62.3 8.0 55.4 42.6 10.1 47.3 

Phosphate (mg PO43--P·L-1) 4.91 1.02 4.91 6.95 1.55 6.90 9.94 1.36 8.7 6.87 1.45 8.70 

Sulfate (mg SO42--S·L-1) < LQ  < LQ 4.6 2.3 3.5 <LQ  2.1 10.7 10.4 2.1 

Sulfide (mg H2S-S·L-1) 102.7 4.7 102.7 111.4 21.8 114.6 107.8 15.9 107.8 101.7 14.7 112.3 

Sludge 

CODT (mg·L-1) 10547 694 10547 22117 512 22383 28763 566 28789.6 14503 639 14319 

TSS (mg·L-1) 9424 572 9424 18347 402 18367 23563 469 23543.9 12346 512 12337 

VSS (mg·L-1) 6182 415 6182 13123 307 13047 17091 339 17091.8 8551 382 8553 

Alkalinity (mg CaCO3·L-1) 648 75 648 669 50 653 662 117 599.6 635 94 638 

Biogas CH4 production (L·d-1) 36.1 28.7 36.1 22.6 22.6 41.4 115.6 38.0 120.6 13.5 13.5 14.0 

* Standard Deviation 5 




